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Abstract
Nicholas Pagliocca
DESIGN AND CONTROL OF MODULAR SOFT ROBOTIC ACTUATORS WITH
ARCHITECTED STRUCTURES
2021-2022
Mitja Trkov, Ph.D.
Master of Science in Mechanical Engineering

Soft robotic systems composed of highly compliant materials offer unparalleled
advantages compared to rigid-body systems in applications such as fragile material handling
and human-machine interactions. Often, their motions are prescribed by structural
anisotropy and reinforcement materials to directionally limit motion. The continuum
motion and non-linear material response intrinsic to soft robotics makes their design,
modeling, and control a formidable challenge for engineers. Leveraging the deformation
driven response of soft robotic actuators, highly versatile compliant architected structures
whose local deformations dictate global material response can be integrated into soft
robotic actuators for tunable mechanical responses. In this thesis, flexible centersymmetric perforated structures with strain-dependent Poisson’s ratios are investigated for
their feasibility in soft robotics. This thesis aims to contribute to the existing literature by
developing a novel cell-density graded structure with a near-zero incremental Poisson’s
ratio, presenting a treatise on the fundamental mechanics and multiscale response of flexible
rotating polygon structures, and developing and characterizing novel soft robotic actuators
with the aforementioned center-symmetric perforated structures. The results of this thesis
demonstrate the feasibility of such architected structures for soft robotics and provides a
framework for the development of modular soft robotic actuators with tunable mechanical
responses.
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Chapter 1
Materials and Robotics

1.1

An Overview of Soft Robotics
Soft robotic systems can offer significant advantages over traditional robotic sys-

tems by means of both reduced cost and increased mechanical compliance. They have
found extensive applications in human-machine interactions [1, 2, 3, 4] and delicate material handling [5, 6]. Highly compliant soft robotic systems have allowed for a new generation of actuators that exhibit versatility far beyond that of most rigid systems. Often
composed of materials like silicone rubber, soft robots’ mechanical behaviors are generally
introduced by structural anisotropy that can be achieved by careful design of a monolithic
structure, or by using stiffer elements to induce prescribed motions in certain directions
[7]. In many cases, the design of soft robots was inspired by biological systems [8, 9, 10,
11, 12]. Due to this heavy biological influence, improvements in the modeling and control
of soft robots can symbiotically offer the opportunity to develop a better understanding of
locomotive and non-locomotive behavior in animals, like studying anti-predatory behaviors in various genera of snakes for ecological investigations [13]. In nature, it has been
frequently observed that soft bodied animals with a simple composition can interact with
complex and dynamic environments [14]. Despite the analogous simplicity in design, soft
robots offer unique challenges and significant complexity from the perspective of a roboticist [15, 16]. A distinguishing factor when compared to conventional rigid-link robotic
systems is that soft robots are characterized by their motion as a continuum and exhibit
infinite degrees of freedom [17]. The nonlinear material response and the aforementioned
structural anisotropy makes the realization of practical soft robots remains a formidable
challenge for the research community and industry.
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Many soft actuators have been proposed for a variety of applications. Their form
and function has evolved over the years due to the advancements in several research domains. Most often, actuators are designed to display axial or bending motions, or a combination of the above. Two examples of soft robots that display axial motions are vine
robots [18] and McKibben actuators [19]. Vine robots, also known as eversion robots, emit
material from the tip as the working principle for their motion; this can be particularly useful in exploration applications like archaeology and coral reef exploration [18, 20]. The
McKibben actuator uses contraction as its working principle. Proposed in the 1950’s, these
actuators are also known as pneumatic artificial muscles [19]. To be more descriptive, an
elastic pressure vessel is wrapped in threads that are oriented in a double helix, upon pressurization, the circumferential stress from the radially outwards ballooning is transformed
into an axial contraction force [21]. McKibben actuators have found broad use in soft
robotics, and are often used to compose more complex systems. An example can be seen
in the use of active soft orthotics [22].
Many soft robotic actuators that are used for object manipulation primarily rely on
their bend capabilities, although in many cases the inherent compliance of their constituent
materials will lead to other motions. Such devices have been designed and fabricated for 2D
and 3D motions. Pneumatic networks (PneuNets) are a common type of bending actuator
that have been extensively studied in the literature [23]. These actuators leverage structural
anisotropy by having a series of channels that form an extensible top layer; underneath
this layer, a flexible in-extensible layer is placed to induce bending. Actuators meant to
work in 3D spaces on tasks like minimally invasive surgery have also been presented in the
literature [24]. Many are bio-inspired, and draw inspiration from creatures like the octopus [25, 26]. Advanced motions are also attainable and have been demonstrated in some
actuators. For example, [27] presents a methodology for achieving complex soft actuator
functionalities using a novel bubble casting methodology. A more common approach lies
in fiber reinforcement, such as [28], where the fiber reinforced soft pneumatic actuators
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were used to achieve a prescribed trajectory by connecting several actuators in segments.
Fiber reinforced segments can extend, expand, bend, and twist depending on their fiber
angle [28].
The evolution of soft robotic technologies has been driven by advancements in their
materials and design. While the focus of this thesis is on pneumatically driven actuators
composed of silicone rubber materials and reinforcements, it is important to mention that
soft robots have also been constructed with materials such as foams [29], room temperature liquid metals [30], shape memory alloys [31, 32], and in their most primitive form can
be passive flexible structures [33, 34]. One example is an untethered soft robotic fish that
can achieve unidirectional propulsion by leveraging bi-stable materials without the need
for on-board electronics [35]. This list is not comprehensive and is only meant to speak
of the breadth of material mediums that exist in this domain of robotics, detailed reviews
can be found in [1, 7, 15, 16] and several other references herein. A soft robot’s material
composition obviously effects its actuation principle. To date, a large portion of literature
addresses pneumatically driven actuators, [1, 7], wherein a membrane is deflected by an
applied pressure. In general, pressure driven actuators have shown larger deflections and
better performance on benchmark tests than electric and magnetically actuated systems [7,
36]. Their performance is attributed to high force and power density compared to electrically responsive systems [36]. In addition, pneumatic systems do not use metals which can
be harmful if exposed to humans or large electric fields. Since many soft robotic devices
are used at the human-machine interface or in sensitive ecological applications, the absence
of biologically harmful actuation mediums has been a driving argument for the degree of
attention pneumatic actuators have received. However, pneumatic systems are not a perfect
solution for soft robotics. For example, to achieve practical levels of axial contraction, a
McKibben actuator often requires significant design, modeling, and experimentation; often needing bulky apparatus to achieve actuation [21]. Whereas a dielectric elastomer can
achieve notable uniaxial motions with acceptable power density, while only requiring a
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simple electric stimulus [37].
Advances in soft robotics will come from several fronts including the development
of more robust fabrication methods, a deeper understanding of their dynamics, improved
design, and realization of accurate control systems. Experts in the field agree that many
of the high impact advances in the future of soft robotics will come in the form of innovation in advanced materials and structures for robotics [38]. The development of advanced
manufacturing methods has enabled the exploration of materials with unique behaviors at
different length scales that have proven promising for many applications. Unfortunately,
most of the works in functional materials to date only show the identification, development
and characterization of these materials, and focus less on the realization of the systems they
are intended to be embedded into [38]. This extends into all classes of soft robotics. This
work will focus on pressure driven soft robotic systems and mechanically responsive functional materials. Many are exploring this emerging topic, and it is noted that the integration
of functional materials and so called metamaterials in soft robotics and other flexible systems is a topic of great interest to many. Several examples of advances in this domain can
be found in [39].
The remaining discussions of this chapter are intended to provide background on
the methods and fundamentals used in later analyses. In addition, the discussions aim to
provide insight on recurring themes in this thesis, which includes materials and modeling. Detailed discussions regarding the methods used in analyses will be presented in their
respective chapters.

1.2
1.2.1

Introduction to the Mechanics of Soft Robots and Flexible Structures
Introduction to Linear Elasticity and Hyperelasticity
1.2.1.1

Linear Elasticity. Conventional engineering materials, often described

as Hookean materials, are commonly modeled using linear elasticity governed by Hooke’s
law. Upon loading in a single spatial dimension, or for isotropic materials, the stress and
4

strain of the material are proportionally related by a constitutive parameter known as the
elastic modulus1 , herein referred to as, E. In reality, the constitutive parameters that fully
describe a 3D body are given by the generalized form in Equation 1, which can be derived
using an assumed elastic potential methodology [40].

σi j = Ei jkl εkl

(1)

Here, σ defines the stress tensor, in the case of small deformations we consider the
Cauchy stress tensor, and ε defines the strain tensor. In this thesis, σ and ε will always
be used to define stress and strain, respectively. Variations will be given by subscripts or
otherwise noted for the section (i.e., the use of engineering strain). It is noted that by tensor symmetry, anisotropic Hookean materials can be described using 21 constitutive terms
instead of the 81 terms (Ei jkl ) one would expect to find in the 4th order tensor describing
elastic solids in R3 [40, 41]. The fourth order tensor describing constitutive parameters is
almost always reduced for practical applications based on the premise of symmetry planes.
In this thesis, discussions on isotropic and anisotropic materials are relevant for some later
discussions.
Isotropic materials are formally defined to be symmetric about two planes and every axis. This means that elastic properties are the same in all directions. Isotropic materials can be characterized by two constants given in a general form with Hooke’s law in
Equation 2. For brevity the reader is referred to [40, 41] for derivation of the constitutive
equations from rotation.

σi j = Λεkk δi j + 2µεi j

(2)

The variant of Hooke’s law given above defines a dilatational modulus, Λ, and a
shear modulus2 , µ. These terms are collectively referred to as the Lamé constants. δ is
1 Also
2 Also

known as the tensile modulus or Young’s modulus.
known as G.
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described by the Kronecker delta. Assuming the indices, i, and j are equal. The Lame’
constants can be easily solved. Another approach is to consider an axially loaded stress
element [40]. Dilational modulus is almost always by convention given with a lowercase
Greek lambda, however, that variable is otherwise reserved for later use with stretches
associated with hyperelastic modeling in Chapter 4. The Lamé constants are characterized
by the following equations:

Λ=

νE
(1 + ν)(1 − 2ν)

(3)

E
2(1 + ν)

(4)

µ=

where ν is a materials Poisson’s ratio, which defines a negative ratio of transverse
strains to the longitudinal strains. In this thesis unless otherwise specified, the incremental
definition also known as the tangent definition as shown in Equation 5 will be used instead
of the total Poisson’s ratio, also known as the secant definition. It has been shown in the
literature that the incremental definition allows for a more realistic measure in nonlinear
hyperelastic materials [42], such as those considered in this thesis.

ν =−

det
del

(5)

det is the change in transverse strain and del is the change in longitudinal strain.
Experimental characterization and tuning of these constitutive parameters for the apparent
response of flexible structures is at the core of several investigations in this work. Their
coupled definitions aim to provide a better insight into the mechanisms of stress and strain.
1.2.1.2

Finite Elasticity. Briefly, the author would like to mention the idea of

a nonlinear continuum. As the subject matter of this thesis considers flexible materials
such as rubber, a nonlinear material response that is not directly described by Hooke’s law
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should be expected [41]. Specifically, stresses are expected to induce large strains with such
elastic materials. Most literature discussing 3D elasticity concerns small or infinitesimal
displacement and rotation with a linear elastic response. In rod, plate, and shell analysis
of flexible materials, one may want to consider the use of finite displacements [43, 44].
Such models are derived considering geometric non-linearity, and discussions of this are
available in [40, 44]. In addition, the fundamentals of hyperelastic models commonly used
in soft robot modeling that are discussed in the next section, can be drawn from principles
of nonlinear continua.
1.2.1.3

Hyperelasticity. Hyperelasticity considers the mechanical response of

nonlinear materials undergoing large deformations, and establishes phenomenological theories using physical principles [45]. A fundamental difference between elasticity as defined
earlier from Equation 1 and hyperelasticity, lies in the use of an elastic potential [40], which
captures the path independent and reversible stress of such a material [45]. Most often, the
nonlinear viscoelastic response of rubbers and similar materials, is described using hyperelastic material models consisting of a singular material function [45].
As indicated in the previous section, finite displacement/elasticity is used in the
development of hyperelastic models. The use of the elastic potential or a strain energy
function as it is commonly referred to, utilizes reduced principal strain invariants of the
left and right Cauchy-Green deformation tensors. From a high level, the strain-energy
function describing the isotropic elastic material properties is expressed as a function of
these invariants [45].

W = f (I1 , I2 , I3 )

(6)

I1 , I2 , and I3 constitute the aforementioned principal strain invariants. These invariants are composed of the principal stretch ratios of the hyperelastic material. Incompressible materials are given by I3 = 1. Several hyperelastic models exist such as the neo7

Hookean [46], Mooney-Rivlin [47], Yeoh [48], and Ogden [49] models. The details of
these models as a whole is past the scope of this thesis, as this work is not a treatise on
hyperelasticity. Individual models and their motivation for use will be further discussed in
future sections as needed. Hyperelastic models are generally the most relevant for simulation and modeling as their use can be very complex, as shown in Chapter 4 [50].
1.2.2

Fundamentals of Modeling of Soft Robots
One of the greatest challenges in the field of soft robotics is the development of

practical theoretical frameworks for the purposes of design, modeling, and control. The
continuum behavior and highly nonlinear responses of soft robotic systems makes modeling of even the simplest systems a formidable challenge. The methods discussed in this
section are generalized to all continuum robots, but emphasize those who were designed to
have compliant outer bodies. Later in this thesis, theoretical modeling is used to characterize the motions of novel soft robotic actuators and flexible structures, and thus, a brief
review of the field is appropriate. Fundamental mechanics of methods used in this research
will be presented in their respective sections as they are used.
Several methods have been thoroughly explored in the modeling of soft robotic systems such as continuum based methods [51], discrete models [52], data driven models [53],
geometrical models that anticipate the deformed shape of a body [54, 55] and finite element
methods [50, 56, 57, 58]. In many cases, embodiment design has also proven useful in the
realization of soft robotic systems [59]. Several of the aforementioned modeling methods
have also found their way into the control of various soft robotic systems [60].
1.2.2.1

Continuum Modeling Approaches. Continuum approaches are amongst

those that are more useful, as they embody the fundamental mechanics of soft robotic systems. By definition they should be able to almost completely encapsulate the mechanics
of soft bodied systems if they are actuated directly under the prescribed assumptions by
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their inherent infinite dimensional configuration space. Works in this domain are often
concerned with continuous beams and rods [27, 61, 62], plates [63], and shells [64]. In 3D
elasticity these can all be solved using finite element methods [56]. Constant curvature continuum robots are also lumped into this category. A common example is a hyper-redundant
and cable driven continuum robotic manipulator that can achieve bending and serpentine
motions [34].
For continuum models, rods and beams are more commonly seen in the literature
for modeling. This can be attributed to the common functionalities of soft robotic systems,
and the complexity of 3D elasticity with finite deformations. Although, it is noted that
3D Cosserat continua can be reduced to 2D shells by considering them as a 2D surface,
which can greatly aid the modeling of soft robotic systems [65]. Nonlinear Euler-Bernoulli
beams, and Kirchhoff and Cosserat rods are the most prevalent methods due to their ability
to capture the large deflections in soft robots. Occasionally, simpler linear models can be
employed to reasonably capture the dynamics of a soft robotic system, like tapered linear
elastic Euler-Bernoulli beams connected by springs [3, 66]. Euler-Bernoulli methods and
the more generalized elastica, have found frequent use in the modeling of bending actuators
and systems [9, 67, 68]. Solutions to the elastica are known to exist and have been found
with elliptic functions [69]. Closed form solutions are more computationally efficient to
handle than models that require numerical differentiation. As such, use of these special
cases may lead to more efficient real time control in some applications.
Cosserat rods are a generalization of the mechanics of rods where at every point
along the material curve there exists a set of orthonormal deformable vectors, known as
directors [16, 70]. Kirchhoff rods are very similar, but employ the use of some assumptions. They assume an inextensible material curve, the cross section remains in-plane and
is undeformable in its own plane, no shear stress between the cross section and material
curve, and stress couples vary linearly with curvature and twist [70, 71]. Cosserat rods
are often described as an extension of the Kirchhoff rod since they are the more general
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form [72]. Rods have been leveraged in the improved modeling of soft robots in several
works. Some examples include: [73], which provided insights into the elastic stability of
parallel continuum robots with improved precision, [74] which presented the modeling of
snake-like locomotion in soft robots using a Cosserat model, and [75] where the authors
used geometrically exact Cosserat rod theory and a Kelvin model to derive a 3D mechanical model for cable driven soft robotic manipulators. While both methods have been used
extensively in their continuum form, researchers have also modified them to make them
more practical.
1.2.2.1.1

Discrete Modeling Methods. Several research works have considered

discrete variants of rods and lumped parameter systems in soft robot modeling. In general,
these discrete models are meant to improve upon piece-wise constant curvature models that
assume deformation, and deliver comparable results to continuum models. One example
can be found in [52], where the authors propose the discretization of continuous Cosserat
models and demonstrate their results by solving their model with recursive algorithms,
applying their model to a cantilever beam for accuracy and efficiency comparison to continuous models, and with experimental validations on a soft robotic manipulator. These
methods are emerging compared to their continuous domain siblings. A treatise on the
kinematics of discrete elastic rods previously referenced can be found in [70]. Lumped
parameter systems treat a structure as a lattice of lumped masses connected by linear mechanical elements like springs. They can take form of surfaces or solids, and have shown
highly consistent results between theory and experiments, in addition to well established
beam theories with bending actuators [76].
1.2.2.2

Computational Methods and Data Driven Methods. The complex struc-

tural deformations, nonlinear material properties, and hysteresis associated with soft robots
renders many of the conventional modeling methods used by practicing engineers as inadequate, and paves the way for use of the aforementioned design and modeling strategies.
10

On terms of modeling, it has already been established that finite element methods are an
attractive method for computing solutions of analytical models and design. Perhaps more
interesting is the use of data driven methods in characterizing the mechanics of soft robotic
actuators and controlling them. For example, the Koopman operator has been leveraged
in several studies to develop linear dynamical models of soft robots that can be used with
model based controllers [77, 78, 79]. This works by lifting the state space to an infinite
dimensional space of scalar functions in which their motions exist along the trajectory of
the system to define the operator; the resultant operator is decomposed to a finite space for
practical use.
Supervised, unsupervised, and reinforcement learning have all found extensive use
in soft robotics [53, 80]. In general, the goal of supervised and unsupervised learning is to
solve a classification or regression problem. In supervised learning, data is associated with
a label; while in unsupervised learning data is not labeled and patterns are often attained
through clustering, or functionally leveraged for generation. Some examples in supervised
and unsupervised learning include: Gaussian Process Regression (GPR) [81], Neural Networks (NN) [82], Convolutional Neural Networks (CNN) [83], Recurrent Neural Networks
(RNN) [84, 85], and auto encoders (AE) [86]. Supervised learning is more prevalent than
unsupervised learning and is commonly leveraged for classification problems and learning
the inverse dynamics of soft robotic systems as a black box.
In reinforcement learning, an agent interacts with an environment with the goal of
maximizing a reward signal by performing actions while in a specific state. Several reinforcement learning algorithms have been exploited in the soft robotics domain, with a few
examples given by [87, 88, 89]. A survey of the existing literature will reveal that reinforcement learning is well suited for control, because robotic tasks can easily be considered as
Markov Decision Processes (MDP). The author of this thesis developed a design optimization methodology that utilized deep reinforcement learning (Deep Deterministic Policy
Gradient (DDPG)) for the topology optimization of air chambers in a modular soft robotic
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actuator [3]. The method calls for a single step reward scheme where coordinate locations
for vertices are sent as continuous valued actions from the reinforcement learning agent and
were utilized with in-the-loop finite element analysis to facilitate multiple-objective optimization. The method was also used with an analytical model where edge lengths of air
chambers were passed as actions. Results in [3] showed that the deep reinforcement learning based method could outperform a well-established swarm-based optimization method,
and while not presented as a chapter of this thesis, speaks to the promising potentials of
reinforcement learning in soft robotics.

1.3

Overview of Cellular Materials
Cellular materials play a crucial role in several real-world applications and provide

a pathway to high material tunability at a low structural density. In addition to their growing
applicability in the soft robotics domain, they are commonly used in the packaging [90],
aerospace [91], and sports [92] industries, to name a few. Aside from low density, structural
anisotropy can allow for unique material responses not commonly achieved in conventional
engineering materials, which can be exploited for soft robots.
Perhaps the most celebrated work on the topic is the work of Gibson and Ashby
[93], which provides a treatise on the mechanics and applications of both 2D and 3D cellular materials. 2D cellular structures are often expressed as arrays of ordered or periodic
openings that project onto a 2D area, the most common example of this is honeycombs [93,
94, 95, 96, 97]. 3D cellular structures, or stochastic lattices, are most commonly associated
with foams [92, 98, 99], and have similar mechanics to 2D latices which are considered
herein.
The fundamental mechanics investigated in the aforementioned literature of 2D
structures often investigates the in-plane and out-of-plane mechanical response of convex
polygons (triangles, hexagons, squares). Their most important attribute is often considered to be their relative density, which is given by the ratio of the density of the cell wall
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material to that of the entire structure. In most of the literature, the in-plane compression
response is studied and is characterized by three deformation behaviors. First, cell walls
bend about their respective cell hinges with a linear elastic response. Upon a critical point
where cells buckle, the stress-strain response will plateau. This continues until opposing
walls contact one another and the structure shows a nonlinear deformation response, this
point is called densification [93]. If subjected to in-plane tension, cell rotation will move
toward the loaded axis and will lead to a stiffer material response after the linear elastic
region. The out-of-plane response of a 2D cellular structure is characterized by an increase
in strength, with a similar stress-strain response to in-plane loading [100].
Honeycombs provide insight into fundamental mechanics relations between cell
strut topology and the global mechanical responses of architected structures that are achievable through microstructural tuning [96, 97]. Such tuning is often realized by variation of
the relative density of a structure or by structural morphology, and are obviously not just
limited to hexagonal cells. Some examples include self similar and hierarchical structures
[101, 102, 103, 104], composite honeycombs with improved energy absorption [105, 106,
107, 108], and 2D structures with zero [109, 110] or negative Poisson’s ratio [104, 111,
112]. Structures with zero and negative Poisson’s ratio are explored in detail in the forthcoming chapters.
1.3.1

Poisson’s Ratio and Auxetic Material Response
The design and functionality limitations on robotic systems posed by isotropic ma-

terials can be improved upon with the use of architected structures and functional materials
[38], especially those that are compliant in nature.
Poisson’s ratio for linear elastic isotropic materials as predicted from a classical
treatment in continuum mechanics, ranges from -1 to 0.5 [40]. Specifically, an incompressible material’s bulk modulus approaches infinity at the upper limit. By definition of the bulk
modulus from linear elasticity this will only happen at ν = 0.5 as shown in Equation 7:
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b=

E
3(1 − 2ν)

(7)

where, b, is the bulk modulus3 . Considering stability criterion, the second Lame
constant, elastic modulus, and the bulk modulus must all be greater than zero to satisfy
deformation from positive work. This will give the lower limit as -1 [40]. Materials with
a negative Poisson’s ratio were briefly mentioned earlier and are commonly called auxetic.
While most materials with such a response are engineered [104, 111, 112, 113], there are
many documented examples that occur in nature such as tendons [114], minerals [115,
116], and natural layered ceramics [117]. Auxetic materials are discussed in more depth in
the forthcoming chapters.
Planar materials are reported to have Poisson’s ratios between -1 and 1 based on
similar mechanical principles [113]. Anisotropic materials theoretically can have any value
for Poisson’s ratio [118]. The dynamic properties of Poisson’s ratio in viscoelastic solids
can even take on complex values depending on loading conditions [119]. The structures in
this work are largely planar. However, this discussion is meant to highlight the promising
potentials of explorations into engineered structurally anisotropic materials over conventional materials found in nature. Such explorations are crucial to the development of the
next generation of robotic systems [38], and are a topic of considerable discussion moving
forward.
1.3.2

Density Gradation
Variation of unit cell topology in an ordered lattice will only allow limited improve-

ment to the mechanical performance of a material. To achieve highly tailored mechanical
responses, cell density gradation can be used by systematically changing unit cell topology
throughout a samples length [94, 95, 120]. Often, it is used to achieve improved energy
absorption, such as [94] which explored 2D hyperelastic honeycombs and [95] which ex3 Sometimes

represented by K.
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plored the optimization of hyperelastic honeycombs with different gradients. Such energy
absorption improvements have also been shown in foams [121] and graded syntactic foam
based honeycombs. Density gradation can also be effective in the strain-dependent control
of a structures Poisson’s ratio [122]. Similar to cell density gradation, material stiffness can
be spatially controlled to ameliorate stiffness mismatch at material interfaces. This concept
is especially useful in soft robotics [38], and could be achieved with graded materials and
structures.

1.4

Architected Materials and Cellular Structures in Soft Robotics
Recognizing the mechanical benefits of cellular materials over neat materials, sev-

eral have recently explored their use in soft robotics applications. This ideology of innovating robotics through materials also extends to many classes of metamaterials as previously
mentioned [39]. Generally, these materials are leveraged for their deformation responses,
often tunable thought their design. For example, in [37] honeycomb meta-structures were
used on dielectric elastomer actuators to achieve unidirectional deformation.
Some novel soft robotic actuators have been designed with cellular air chambers.
For example, [123] presented the design of a soft robotic manipulator with a honeycomb
structure inspired by beehives. The design allowed for a compact design with high structural strength for grasping tasks, while still maintaining its compliant nature. Likewise,
honeycomb pneumatic networks that display high levels of precision and strength have
been extensively explored by Chen et al. [124, 125, 126, 127, 128]. Research in honeycomb pneumatic networks has thoroughly explored their modeling, simulation, control,
and experimental characterization. The results of these works show that they are highly
competitive with other manipulators and soft robotic modules.
Multi-material and reinforced soft robotic systems have also employed the use of
cellular structures to enable novel mechanical behaviors in soft structures. [129] presented a
novel pressure-driven caterpillar-inspired soft robot that leveraged mechanical instabilities
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in auxetic elastic modules to achieve locomotion; specifically, a circular pattern which
transforms to mutually orthogonal ellipses upon compression. 3D uniform and gradient
auxetic soft cylinders have been fabricated with auxetic and density graded designs that can
be integrated into soft robotic systems with programmable functionalities [109, 130]. An
inchworm robot with a bellows actuator was constructed using 3d printed auxetic and nonauxetic honeycombs on separate ends that act as passive clutches on their contact surface
[131]. Inverted honeycomb cells have also been used for the development of linear-softreinforced actuators with high off-axis stiffness, and in-axis compliance [132]. Voronoi
tessellation combined with additive manufacturing has been shown to be able to create
complex soft robotic systems [133]. A last example shows the use of re-entrant hexagonal
cells in the development of an artificial cellular finger [134]. Several other case studies exist
in the literature. Most of the research in this domain is recent and has primarily focused
on the honeycomb. To realize the next generation of soft robotic systems, new materials
should be considered, characterized, and integrated into soft robotic actuators.

1.5

Overview of Thesis Chapters
This thesis is divided into three main chapters followed by a summary where con-

tributions are clearly presented. Each chapter builds on the last with the goal of providing
a framework for the development of flexible property adjustable structures and eventually
showing their integration into modular soft robotic actuators. In Chapter 2, the development, manufacturing, and characterization of rectangular center-symmetric perforated 2D
structures is presented. Special attention is given to their auxetic response achieved from
their tunable morphology through design, and the development of a novel gradient structure
with a zero Poisson’s ratio. Chapter 3 discusses the strain-dependent relationships between
local and global strain fields in the aforementioned mechanical metamaterials. This extension of Chapter 2 aims to fill gaps in the literature on the strain dependent mechanisms
of auxetic behavior in architected structures. The results of these investigations provide a
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detailed picture of the fundamental mechanics of the structures that are necessary for their
exploitation when designing soft robotic actuators. Chapter 4 discusses the design, modeling, fabrication, and characterization of a novel soft robotic actuator class using select
center-symmetric perforated structures. Overall, the goal of this thesis is to advance the
use of architected structures to develop the next generation of soft robotic systems, and to
provide a framework to extend these new actuators into modular soft robotic systems.
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Chapter 2
Flexible Planar Mechanical Metamaterials as Soft Structural Elements

2.1

A Brief Overview of Mechanical Metamaterials
Mechanical metamaterials are artificial materials, and more often, structures, that

display novel mechanical properties by either a combination of materials or by careful arrangements in their structural morphology. The goal in their development is to achieve
properties that are not generally possible in conventional engineering materials, as exemplified by [135, 136, 137, 138], and many of the papers discussed herein. While this thesis
focuses on flexible planar structures and their mechanical responses, it is important to mention that these materials and methodologies have also been used to achieve enhanced optical
and thermal properties in the aforementioned references. In terms of mechanical response,
some examples of improved properties include improved damping, energy absorption, and
fracture toughness [139, 140]. In addition, tunable materials have been developed that
display different responses upon variation of loading or environment. Examples of environmental changes include variation of global strain and far-field mechanical loading [141,
122], variation in magnetic fields with applied mechanical load or an external magnetic
field [142], and thermo-auxetic composite structures [143].
Auxetic mechanical metamaterials have been a topic of considerable interest in the
materials and structures community since the 1980s. At first, mechanical and thermodynamic models were used to predict their responses [144, 145, 146], followed by experimental realization of auxetic materials by Lakes [147]. Since these early works, auxetic materials have found use in a plethora of applications including prostheses, actuators, fasteners,
shape memory foams, and biomaterials [148, 149]. Recently, researchers have begun exploring their applications in soft devices [150, 151], biomimetic soft robotic manipulators
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[15], and soft cylinders composed of auxetic cells to achieve angular motions [152]. Beyond microstructural material manipulation in soft structures commonly achieved through
known auxetic mechanisms, soft robotics researchers have also developed soft field responsive devices, and active soft mechanical metamaterials that will have exciting applications
in soft robotics [39].
From both a practical and theoretical perspective, the development of simple to
manufacture and versatile classes of flexible structures with well defined modeling and
characterization methods will help enable the large scale commercialization of soft robotic
technologies. These structures can be incorporated with soft matrix materials to encode
mechanical behaviors and improve the operating characteristics of soft robotic systems.
Continuing on the composites ideology, the development of off-the-shelf materials similar
to woven fiber sheets in conventional composites can serve as a practical solution. To this
end, planar mechanical metamaterials that can act as either lamina in soft composites or as
a reinforcement-layer that can be wrapped around soft actuators is proposed in this thesis.
Few works have explored this concept to date [150]. Hyperelastic composite materials
have been studied explicitly by few researchers in the analytical domain such as [153, 154].
From the introduction material in Chapter 1, the prevalence of fiber-reinforced McKibben
actuators can be recalled as a great example of composite structures used in soft robots with
a similar mechanical functionality.
Structural materials achieved from perforations of planar materials have long been a
topic of research in manufacturing sciences [155]. Some recent examples include Grima et
al. and Bertoldi et al. who have extensively explored diamond [156] and circular perforations in 2D materials [157]. Other geometries that have been exploited for their mechanical
instabilities and auxetic properties include re-entrant structures, chiral honeycombs, random cuts, and various rotating polygons [158, 159, 160, 161, 162, 163, 164]. Among the
classes of rotating polygons, the rotating square sheets proposed by Grima et al. through
analytical modeling have been explored and discussed in the literature, and are of signifi-
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cant importance to the ideology of this work [165]. Multiscale and analytical investigations
of the mechanisms of the mechanical response of auxetic materials are still an active field
of research with applications to a variety of engineering disciplines. For practical development and characterization purposes, additive manufacturing can be used to fabricate perforated structures that are not possible to achieve with conventional fabrication methods;
which to date has been a limiting factor in the realization of many architected structures
and metamaterials in the literature [102].
This chapter presents the development and characterization of flexible planar mechanical metamaterials with a strain dependent auxetic response. The work in this chapter
is taken largely from the author’s published work on center-symmetric perforated structures [122]. Much of the chapter provides an experimental framework aimed at quantifying
the aforementioned strain-dependent auxetic and non-auxetic responses for various unit
cell topologies. Investigations show how the materials perform in confined and unconfined
conditions, and how careful cell arrangement can be used to achieve highly tailored mechanical responses. The results of this chapter pave the way for detailed investigations of
the relationships between global and local strain fields in mechanical metamaterials, and
later, leveraging this knowledge for the design and development of novel soft robotic actuators.

2.2
2.2.1

Methods
Unit Cell Design Scheme
Several flexible sheets consisting of repeating unit cells with various rectangular

perforations are designed and fabricated. Tunablility of the structure’s Poisson’s ratios is
achieved by geometric modification of the rectangular perforations as outlined in Figure 1.
Non-dimensional parameters are defined to couple geometric features together in the forthcoming analyses. Aspect ratio (A.R.) defines the ratio of the width, a, and the height, b, of
the innermost perforations and is defined in Equation 8. Inter-cell spacing (I.S.) is the ratio
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of the wall material dimension from the edge of the inner perforation, s, to the outer perforations divided by the overall cell length, L, and is shown in Equation 9. The cell length
is 10 mm in all unit cells considered in this thesis. Even numbered intervals are skipped to
explore a larger portion of the design space while requiring a reasonable number of experiments. The control case is given by the neat wall material, which is characterized in the
forthcoming section.

A.R. =

a
b

(8)

I.S. =

s
L

(9)

Equation 8 and Equation 9 are used to drive the design of the considered structures
in later sections. The structure considered in this work is similar to the 2D variant achieved
by topology optimization in [166] and explored by [167]. For comparative analyses, the
relative density is computed for each unit cell design as the ratio of the apparent density
of the unit cell to the density of the cell wall material (Thermoplastic Polyurethane (TPU),
1160 kg/m3 ). Relative density tabulations determined from the geometries are presented in
Table 1. Unit cells are extended to compose square structures consisting of a 9x9 unit cell
grid that is approximately 1 mm thick.
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Figure 1
Schematic Highlighting the Morphology of the Planar Mechanical Metamaterials Developed in this Research

Note. (a) Shows the geometric features of the unit cells and (b) shows schematics of all unit cells
characterized in this section.

Table 1
Relative Densities of Unit Cells
-

Perforation Aspect Ratio

-

Inter-cell
Spacing

1

3

5

0.1

0.36

0.52

0.64

0.2

0.64

0.73

0.80

0.3

0.84

0.88

0.91
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2.2.2

Fabrication and Mechanical Testing
2.2.2.1

Sample Fabrication and Materials Characterization. Perforated sheets

designed in the previous section are fabricated using fused filament fabrication (FFF) with
TPU. The full stress-strain response of the TPU is characterized in house, in both quasistatic tension with ASTM D638 Type V standard dogbones, and in compression with 10
x 10 x 10 mm cubes. Stress-strain results for a representative sample are shown in Figure 2(a). In addition, the incremental evolution of the Poisson’s ratio is measured in tension
using 2D Digital Image Correlation (DIC), and is shown in Figure 2(b) using the definition
presented in Equation 5. Tests are performed in a Shimadzu AGS-X load frame with a 10
kN load cell. Both tests utilize a nominal strain rate of 10−3 s−1 .

Figure 2
Representative Full Stress-Strain Response of Thermoplastic Polyurethane (TPU)

Note. (a) Full stress-strain response. The tensile response is plotted in quadrant one, and the
compression response is plotted in quadrant three. (b) Shows the incremental evolution of the
TPU’s Poisson’s ratio in tension.

23

Results shown in Figure 2 exemplify the known hyperelastic response of the wall
material. Similar behaviors in materials are known and leveraged in soft robotic systems.
The similarity in qualitative behavior and higher nominal elastic modulus of TPU than most
rubbers, lead to TPU being a great candidate for flexible composites in soft robotic systems.
Fabricated sheets have a 0.97 ± 0.04 mm thickness. All samples are printed with
a 100% infill and a 0.4 mm nozzle. The unit cell structures are printed with a 220 ◦ C
nozzle temperature and a 70 ◦ C print bed temperature. Various microscale printing defects
are identified that may affect experimental results at large strains. These defects show in
the form of imperfect rectangular perforations, microscale gaps, and material flow inconsistency and are presented in Figure 3. Print porosity and material flow inconsistency are
known issues in FFF that are often attributed to print speed and temperature [168]. However, even with substantial tuning and highly controlled environments, these issues are still
common in TPU [94]. Microstructural composition can lead to a large variation in global
properties. Such changes can manifest themselves in the form of microscale printing defects or the raster angle; several other process parameters will also lead to such variations
[169, 170]. In particular, the raster angle can lead to very large variation from 0◦ to 90◦ . In
this work, the raster was tuned by the slicer (Cura 4.7.1), and all other process parameters
are manually tuned for optimal results. Since the investigated structures are planar, voids
can form perforations [169], which here are observed in Figure 3(b) and Figure 3(c). Variation also exists due to the rounded corners. Additional material at the hinges will inhibit
the deformation mechanisms explored in the forthcoming sections. However, the consistency of the defects in all perforation types will not reflect on the behaviors observed in this
thesis. The aforementioned defects are attributed to small deviations between simulations
and experimental results presented in the forthcoming sections.
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Figure 3
Printing Defects of TPU Fabricated Sheets

Note. (a) Shows geometric inconsistency where the overlaid lines represent a perfect unit cell. (b)
and (c) show small holes present in the sample at the microscale. (d) Shows material flow
inconsistency. Images from (b),(c), and (d) are taken from boxed region of the exemplified cell in
(a).

2.2.2.2

Mechanical Testing Methods and DIC Analyses. 3D printed planar

sheets are fabricated for each design outlined in Figure 1. To enable gripping and tensile
load transfer, each end of the sheet is printed with a 20 mm tab. A representative structure
is shown in Figure 4(a). Tapered aluminium fixtures are then used to grip the sample, and
are clamped into the grips of a Shimadzu AGS-X load frame. A representative schematic
showing the sample gripping methodology is presented in Figure 4(b). In all experiments,
the samples are constantly loaded at a 10 mm/min rate until failure.
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Figure 4
Experimental Methodology Used for Mechanical Testing of the Metamaterials

Note. (a) Shows a perforated structure 3D printed from TPU. (b) Presents a schematic of a sample
mounted in the custom fabricated tapered aluminum tabs that allow testing. (c) Shows the
experimental setup used to facilitate multiscale DIC. The regions of interest for the macroscale and
mesoscale are shown in (d) and (e), respectively.
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A multiscale DIC approach is used that simultaneously characterizes the full-field
deformations of the structures at the meso- and macroscales. Two cameras are each equipped
with a variable focus lens (XENOPLAN 1.9/35-0901) and are used at varying distances
from the sample as shown in Figure 4(c). The macroscale, as shown in Figure 4(d), encompasses the entire sample, and is highlighted by a red box in the sample schematic shown
in Figure 4(b). The mesoscale is considered as a 3x3 array of cells at the center of the
structure and is shown in Figure 4(e). Data is extracted from a singular rotating rectangle
in the unit cell for the mesoscale region of interest. Perforations serve as the speckle pattern
in macroscale analyses. To facilitate mesoscale image correlation analyses, a high contrast
monochromatic speckle pattern is applied to the sample. To avoid paint flaking under the
large strains expected in the sample, tests are conducted immediately after the speckle pattern application. Adverse effects from the paint plasticizing are assumed to be negligible.
Image acquisition is manually synchronized with load frame data acquisition at 1 Hz. The
commercially available Vic 2D software (Correlated Solutions, Inc., SC, USA) is used in
image correlation analyses with various step and subset sizes for each length scale. Axial
(el ), and transverse (et ) strains extracted from image correlation analyses are used to characterize the incremental Poisson’s ratio as defined in Equation 5 using all local strain data
for each component.
2.2.2.3

Computational Methods. FE simulations for each structure in confined

and unconfined conditions are considered. Confined conditions consider lateral fixed constraints when uniaxial tensile load is applied. Unconfined conditions are those described
in the experimental methods, where cells may deform freely in the lateral direction. Investigations into confined loading are conducted to investigate self-strengthening behaviors
in auxetic structures that have been reported in the literature, like the proposed flexible
composites, or as inter-layers in structures that have been explored in sports applications
[171, 172]. An experimental test protocol is not presented for confined conditions, as a
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test fixture enabling these characterizations was unavailable to the author at the time of the
publication. Therefore, all confined analyses are performed using FE methods. Details of
these simulations can be found in [122].

2.3
2.3.1

Unit Cell Results
Multiscale Mechanical Characterization and Computational Methods
Images taken from the macroscale camera are presented for two representative

structures in Figure 5(a). The side-by-side images presented are at the same global engineering strains. The left column shows a sample with an A.R. = 1 and an I.S. = 0.3. The
behavior of this material is representative of a normal Poisson effect. Specifically, upon
axial deformation the sample experiences lateral contraction. Whereas the sample in the
right column which has an A.R. of 3 and an I.S. of 0.1 shows transverse elongation upon
axial loading. Figure 5(b) shows the incremental Poisson’s ratio of the samples up to an
global axial strain of 0.5. At low global strains the structures show very different behaviors.
The auxetic structure shows a high negative Poisson’s ratio initially until an axial strain of
about 0.15. Whereas the non-auxetic structures Poisson’s ratio is about 0.4 and shows less
variation over the entire strain range.
In all cellular materials the micro and mesoscale response dictates the global mechanical response; these structures are no exception. Mesoscale DIC analyses of the local
axial strain fields in a single unit cell for each considered structure are presented in Figure 5(c), for the same global engineering strains reported in Figure 5(a). The non-auxetic
structure shows a near uniform strain field during the evolution of the global axial deformations. This compares with the auxetic structure in the second row which shows a
highly heterogeneous strain distribution when compared with the non-auxetic structure at
the hinges. The notable differences in strain levels at the hinges exist due to the rotation of
the unit cells and the resultant increase in local strains in the vicinity of their ligaments.
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Figure 5
Multiscale DIC Analyses of Two Representative Perforated Sheets with A.R. = 1, I.S. = 0.3
and A.R. = 3, I.S. = 0.1

Note. (a) Shows the macroscale deformation behaviors, (b) shows the evolution of the incremental
Poisson’s ratios with respect to the global axial strain, and (c) shows mesoscale DIC analyses
characterizing the local axial strains, εyy .

A deeper exploration of the mechanics of the aforementioned auxetic structure is
presented in Figure 6. In Figure 6(a), the evolution of the local axial strain, εyy , local shear
strain, εxy , and cell angle of rotation, ω, are all presented for a global strain range of up
to 0.5. The schematic in Figure 6(b) shows a single element considered as the region of
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interest for this analysis. As predicted, the solid portion of the unit cells experience notable
rotation and shear strains. This behavior eventually saturates as the global strain increases,
and is characterized by the plateau in local shear strain and rotation. Comparing the Poisson’s ratio of the auxetic sample in Figure 5(b) to the local shear strain in Figure 6(a), it can
be observed that the transition from auxetic to non-auxetic material response is marked by
a point of inflection in the local shear strain at a global axial strain of approximately 0.15.

Figure 6
Mesoscale DIC Analyses of a Perforated Sheet with A.R. = 3 and I.S. = 0.1

Note. (a) Experimental analyses of the coupled effects of local axial strain, εyy , local shear strain,
εxy , and cell angle of rotation, ω in the A.R. = 3, I.S. = 0.1 perforated sheet. (b) Cell rotation is
characterized for the solid portions of cells about the centroid marked by the star symbol.
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2.3.2

Computational Model Validation
Experimental stress-stain results are compared to FE simulations for the unconfined

conditions. This allows for an experimental validation of the FE model used to study the
perforated sheets when loaded under confinement. Deviations between the experimental
and FE based curves are largely attributed to the manufacturing defects presented in Figure 3 and approximations in the constitutive data from the hyperelastic model used in FE
simulations. Representative stress-strain plots for an auxetic and non-auxetic structure are
presented in Figure 71 .

Figure 7
Comparison of Experimental and FE Stress-Strain Results

Note. (a) A non-auxetic structure (A.R. = 1, I.S. = 0.3) structure and (b) an auxetic (A.R. = 3, I.S. =
0.3) structure.
1 All

stress-strain results in this thesis are in the axial direction (y-y direction) as defined in Figure 5.
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2.3.3

Poisson Effect
The consistency in stress-strain results in the previous section allows for the use of

computational models in the study of the 2D metamaterials. Results of the Poisson’s ratios
for each structure as a function of global axial strain are presented in Figure 8. Since FE
models offer smoother noise-free data over experimental data, their results are chosen in
these comparative analyses. To show consistency in trends, the experimentally determined
Poisson’s ratios from the samples in Figure 5(b) are also presented in Figure 8.
Structures with an A.R. of 1 and 3 with an I.S. of 0.3 show strong non-auxetic
behaviors over the entire strain range while having a near 40% density reduction over a
neat TPU structure (Table 1). Structures with an A.R. of 3 and 5 and a I.S. of 0.1 show
strong auxetic responses. The structures with A.R. of 3 and 5 and a I.S. of 0.2 show a
weak auxetic response. The highly auxetic structures interestingly maintain their auxetic
properties over most of the considered global strain range.

32

Figure 8
Comparison of the Incremental Poisson’s Ratio in the Examined Structures

Note. Experimental data is marked (exp). All other curves are obtained through FE simulations
details of which can be found in [122].

2.3.3.1

Discussions on Confinement. FE simulations are performed to study the

role of material confinement and to demonstrate a self strengthening mechanism in the
structures. Results are shown in Figure 9. Figure 9(a) shows the stress-strain response of
structures without lateral confinements. Strongly auxetic structures show a nonlinear concave response, with a low initial stiffness. This low stiffness is present at low strains when
unit cells are rotating. At the end of this process a convex hardening behavior is present
where the auxetic structures behave like their non-auxetic counterparts. The convex hardening that occurs from the transition from local rotation dominant behaviors to stretching
behaviors characterizes the aforementioned self-strengthening behavior in these structures
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[173, 174].
Figure 9(b) shows the stress-strain response of each structure in confined conditions, while Figure 9(c) shows the variation of the apparent stiffness for both the confined
and unconfined conditions. Apparent stiffness is the slope of the first region of the stressstrain plots (εyy < 0.004 ). Notable improvement is made to the stiffness of the strongly
auxetic materials at low strains. There is less change to the non-auxetic structures. However, lateral confinement in all cases shows an increase in apparent stiffness, reinforcing
the concept of their use in flexible inter-layers and composites. Percent improvement is
calculated using Equation 10 .

%∆S =

Scn f (el ) − Suncn f (el )
× 100
Suncn f (el )

(10)

Where, S, is the global stress defined as the ratio of tensile load to the effective cross
sectional area, and el is the global axial strain. The superscripts ′ cn f ′ and ′ uncn f ′ denote
confined and unconfined conditions, respectively. Figure 9(d) shows the percent improvement to strength using Equation 10. A near 160% improvement can be seen when adding
lateral confinement to the most auxetic structure and further demonstrates the exploitation
of the self-strengthening mechanism in these structures [122].
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Figure 9
Stress-Strain Response of the Perforated Structures With and Without Lateral Confinement

Note. Results in this figure utilize the FE methods presented in the supplementary information of
[122]. Panels (a) and (b) present the stress-strain response of the perforated sheets with and
without lateral confinements, respectively. The apparent stiffness in both conditions is shown in
(c). (d) documents the percent improvement in strength from the introduction of confinement.
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2.4

Density Graded Flexible Mechanical Metamaterials
The mechanical properties of these flexible structures can be further improved by

designing gradient structures. Such as those recently reported by Yao et al. [167], where
the authors studied various unit cell gradients in center-symmetric perforated structures to
control the local and non-local morphology of their 2D structures. Using data from Figure 8, it is possible to spatially tailor the global Poisson’s ratio of the structure by careful
unit cell selection using perforation gradation. Consider the case of a zero-Poisson’s ratio
[109, 110, 163, 175], where structures are designed to show minimal transverse deformations upon axial loading. Some examples from the literature are checkered, and alternating
stripe patterned perforations, where cells alternate between auxetic and non-auxetic by
spatial location [109]. To achieve the same effect, a piece-wise cell-density gradient is
introduced to achieve a near zero Poisson’s ratio to global axial strains of 0.5.
The structure is designed using the heuristic methodology presented in Figure 10(a).
Cells are identified by selection of those who express a near zero Poisson’s ratio over a
strain range. Four unit cells display this characteristic, and are those with A.R. = 3 and
5 and I.S. = 0.1 and 0.2. A schematic of the gradient design is shown in Figure 10(b).
Layers are selected so that adjacent layers constrain lateral deformations of those with
more auxetic responses. The most auxetic layers are placed in the center of the structures.
As the layers approach the tabs, the auxetic responses are selected to be weaker. Uniform
layers are used, and in layers where perforations are misaligned, the dimensions of the row
closest the the center row are used. Experimental results are shown in Figure 10(c). The
results show that the structure indeed has low lateral deformations over a large strain range,
by having a near zero Poisson’s ratio until the same global axial strains as the structures
presented in Figure 8.
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Figure 10
Spatially Graded Perforated Sheet with a Net-Zero Poisson’s Ratio

Note. (a) Shows the methodology used in layer unit cell selection. (b) Shows a schematic of the
perforation graded design. The experimentally measured Poisson’s ratio is shown in (c).

2.5

Chapter 2 Summary
The contents of this chapter have focused on the design, fabrication and character-

ization of flexible planar mechanical metamaterials with Poisson’s ratios that are tunable
through design [122]. The work contributes to the existing literature, by demonstrating
the global strain to local rotation dominant behavior of the rotating polygon structures.
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Additionally, a novel example of a near-zero Poisson’s ratio structure is developed and
characterized. Furthermore, it is shown that the mechanical response can be further improved by imposing confinements on the auxetic structures. Practically, the increase in
axial strength can be used to justify in-extensible assumptions used in some analytical
modeling approaches of soft robots [71]. Even more important, tailoring of local deformations can lead to highly controlled structural motions, which is of significant interest to the
advancement of soft robotics.
Rotations are a known auxetic mechanism. However, detailed experimental investigations providing insight on the coupling of the local and global strain fields are still
lacking in the literature. Developing a better understanding of these mechanics can lead
to the identification and development of improved auxetic materials with larger negative
Poisson’s ratios, or a larger auxetic strain range. The next chapter, aims to address this
research gap, and will focus on an experimental study of the relations between the local
and global strain-rotation behaviors of center-symmetric perforated structures. The mechanisms for auxetic structural responses will be discussed and showcased using 2D and 3D
DIC analyses.
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Chapter 3
Multiscale Experimental Characterization of Strain Fields and Deformation-Mode
Transition in Planar Auxetic Structures

3.1

Mechanisms of Auxetic Response
The previous chapter presented a comprehensive study of the mechanical capabil-

ities of rectangular center-symmetric perforated structures. Such structures can be tuned
through their design to display strain-dependent auxetic and non-auxetic behaviors based
on the aspect ratio (A.R.) or inter-cell spacing (I.S.) of the orthogonal perforations (see
Equation 8 and Equation 9). The methods and findings from the previous chapter provided
an experimental framework for the design of flexible planar mechanical metamaterials.
The chapter contributed to the literature by quantifying self strengthening mechanisms in
auxetic sheets using lateral confinements, presenting a novel zero Poisson’s ratio structure,
and by characterizing the strain-dependent rotation of cell ligaments in perforated structures. This chapter will expand upon the previous chapter by investigating the fundamental
mechanics of center-symmetric perforated structures, and is justified in the forthcoming
discussions.
Several rotating polygon-based structures have been identified in the literature and
have been implemented with several perforation patterns [137, 162, 163, 176]. Originally,
the exploration of such materials was analytical. Such as the work of Grima, who proposed
the rotating squares model [165] and the rotating triangles model [160]. These models explore the deformation of single unit cells, and extend them to larger structures, where the
auxetic response originates from ligaments rotating with respect to one another. In general,
it is assumed that the ligaments are perfectly rigid with freely rotating hinges [160, 165].
While these models have lead to the identification of new auxetic materials, they do not
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completely capture the strain fields of the solid portions of the unit cells, which affect rotation. In addition, finite element and DIC findings from [177] show elevated stresses and
strains in the hinges of auxetic structures upon far-field loading. The observation indicates
that assumptions about freely rotating hinges in modeling may fall short in characterizing
stress and strain fields. Most of the references cited herein acknowledge that the estimated
Poisson’s ratios from modeling are optimistic, and cite these limitations themselves. In
recent years, researchers have continued to develop more robust modeling methods to address these shortcomings. For example, analytical models have been proposed that consider
ligaments as beam-structures, such as [178], where the authors propose such a model for
horseshoe microstructures. Most models are still restricted to 2D motions, as even fewer
works have considered the out-of-plane motions arising from buckling and kinematic incompatibilities that arise from axial and lateral constraints that adjacent cells pose on unit
cells in the 2D structures when loaded [179]. Capturing all of these motions is imperative
to understanding the fundamental mechanics of auxetic sheets for many applications.
Architected materials and structures generally exhibit anisotropic behaviors. Furthermore, repeating lattices are intended to be controlled locally to achieved tailored macroscopic responses. For instance, the center-symmetric structures explored thus far can be
attributed to a topology optimization study reported in [166] that aimed to determine a
composite with optimal characteristics for hydrophone applications. The structure controls
the response, as such multiscale investigations are required to understand the deformation
behaviors of these materials, that can accompany modeling methods. One example in the
literature that speaks to this is [161], where the authors presented finite element results
showing highly heterogeneous Von Mises stress distributions in unit cells, and attribute
local rotations to shear stresses. Another example is [159], which explored the control of
Poisson’s ratio by changing the A.R. of voids in rotating-rectangles structures. The paper
showed displacement heterogeneity in such unit cells with both finite element methods and
experimental DIC studies. To fully understand the mechanisms of auxetic response, rela-
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tions must be established between all strains at both the local and global scales. To date,
few studies aim to provide general frameworks to study the mechanisms of auxetic material response. One example includes [174], where the authors demonstrated that periodic
lattices constructed from the eigenmodes of unit cells often show auxetic behaviors.
Previously, the author of this thesis and his fellow collaborators showed that points
of inflection on the path of the local shear strain, mark the transition from auxetic to nonauxetic material response [122]. Furthermore, that the local rotation and local shear strains
will synchronously saturate at large axial strains, marking the end of rotation dominant
deformation upon far-field loading. The direct role of local transverse strains, and the coupling of local and global fields were not thoroughly explored. Understanding the interplay
of these parameters is essential to understanding the fundamental mechanics of auxetic
sheets of various perforation styles. While rotations are a known mechanism of auxetic
response in several architected materials, these investigations aim to provide a complete
framework and description by discovering new transition mechanisms in the auxetic to
non-auxetic response, and in characterizing the transition from rotation-dominant local behaviors to deformation-dominant local behaviors. In addition, the out-of-plane motions of
highly auxetic structures are characterized and discussed.

3.2
3.2.1

Methods
Flexible Sheet Design Scheme and Fabrication
Four rectangular center-symmetric cells are designed, based on the geometries of

their voids (see Chapter 2, Equation 8 and Equation 9). A schematic representation is presented in Figure 11. Again, an array of 9 x 9 unit cells is created with a fixed total cell
length, L, of 10 mm. To characterize the effects of cell morphology on the auxetic response, the geometric parameter, a, is varied, while b is kept constant at 1 mm. Examining
Figure 11, a simple relation relating geometric parameters is observed:
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L = 2s + a + b

(11)

Equation 11 describes how the edge-to-edge distance between the voids (i.e., the
width of vertical cell ligaments) varies with a. With two of the four variables fixed, the
design space is characterized by a simple linear relationship (s = −0.5a + 4.5). Where the
theoretical maximum I.S. introduced in Equation 9 approaches 0.45, and the theoretical
A.R. introduced in Equation 8 approaches 10. Theoretical minimums for both the I.S. and
A.R. approach zero.

Figure 11
Unit Cell Design Scheme for Structures Studied in Chapter 3

Note. (a) Shows the geometric features of the unit cells. The same approach is used in Chapter 2.
(b) Shows a schematic representation of the four designs considered in this chapter.
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A material extrusion-based additive manufacturing process (Creality, Ender 3 V2)
using thermoplastic polyurethane (TPU) is used in sample preparation. Three sample sets
are fabricated for the 2D analyses, and one sample set is prepared for 3D analyses. Samples
in this chapter are printed with a 0.4 mm diameter nozzle, a 215 ◦ C-nozzle temperature,
and a 60 ◦ C-print bed temperature. All samples are printed with 100% infill. Again, 20
mm rectangular tabs are printed at their ends to allow for tensile load transfer.
3.2.2

Experimental Protocol for 2D DIC
The experimental protocol for 2D analyses is very similar to the methods presented

in Figure 4. For brevity, the reader is referred to Chapter 2 for any details not presented in
this section. In each test, a controlled crosshead displacement rate of 10 mm/min is applied
until sample failure in a Shimadzu AGS-X electromechanical load frame equipped with a
10 kN load cell. Samples are gripped with two tapered aluminum tabs on each end of the
samples.
The global and local deformation of the sample is quantified using a dual-camera
DIC system. The global scale captures the entire sample, using the perforations as a speckle
pattern. While locally, a single rotating square in the center structure is considered. A single
ligament is considered so that rotations from the opposing side of the cell do not effect the
results (ligaments rotate away from one another, which would lead to many parameters
approaching zero at the local scale). A representative sample with regions of interest is
shown in Figure 12(a). A fine high contrast monochromatic speckle pattern is applied to
facilitate DIC analyses in the cell ligaments. Samples are tested before the paint dries
to prevent flaking and paint delamination. Data acquisition between the load frame and
camera system is synchronized at 1 Hz. Image correlation analyses are performed using
Vic-2D (Correlated Solutions, Inc., SC, USA) digital image correlation software. Global
strain fields are analyzed using a 5.19 mm (63 pixels) step and a 1.64 mm (20 pixels)
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subset size. Local strain fields are analyzed using a 0.53 mm (10 pixels) step and a 0.14
mm (3 pixels) subset size. All of the strain field data is smoothed due to the intrinsic noise
associated with numerical differentiation that will show in the incremental Poisson’s ratio.
Specifically, an exponential smoothing function is used in software (Microsoft Excel), with
a damping factor of 0.3.
3.2.3

Experimental Protocol for 3D DIC
3D DIC is used to characterize the out of plane motions of the samples. A photo-

graph of the experimental setup is shown in Figure 12(b). The same speckling technique
employed in the 2D sample set is used for the 3D sample set. Samples are calibrated with a
10 mm calibration plate with 30 images prior to each test. In these analyses, only the global
strain fields are considered. A 4.15 mm (51 pixels) step and 0.98 mm (12 pixels) subset
size is used in all 3D analyses. Image correlation analyses are performed using Vic-3D
(Correlated Solutions, Inc., SC, USA) digital image correlation software.
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Figure 12
Experimental Protocol for Chapter 3

Note. (a) Representative sample with the global region of interest marked with a purple dashed
line, and the local region of interest marked with a red line.The selected sample is the a = 6b
structure, tested for the out-of-plane sample set. (b) Shows the experimental setup for 3D DIC.

3.3
3.3.1

2D Cell Rotation Analysis
Stress-Strain Response
Tensile data extracted from the load frame is used to characterize the stress-strain

response of the perforated sheets and demonstrate the repeatably of tests. In this section,
the stress is defined as the ratio of the applied load, P, to the undeformed rectangular crosssectional area of the homogenized equivalent medium, A0 . Strain is defined as the change
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in axial length to the undeformed length of the sample. Stress-strain results are presented in
Figure 13(a), along with key mechanical characteristics determined from the stress-strain
data in Figure 13(b).

Figure 13
Experimental Stress-Strain Response of Center-Symmetric Perforated Sheets

Note. (a) Shows the engineering stress-strain response for all 2D sample sets. (b) Presents
statistical measures characterizing key mechanical properties that are determined from the
stress-strain response.

Figure 13 demonstrates that structures with a higher A.R. are weaker than those with
a lower A.R. Key mechanical parameters such as the initial elastic modulus, yield point,
and ultimate tensile strength all decrease as A.R. increases. Elastic modulus and yield
point are considered for the first linear portion of each structure at small strains. A 0.2 %
offset is used to estimate the yield points. The aforementioned parameters are intended to
be indicative of the mechanical behaviors of the structures and consistency amongst tests,
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although they are not generally indicative of the same properties in the hyperelastic wall
material at large strains. The decrease in modulus and yield point is consistent amongst
tests, and appears to plateau as the theoretical maximum A.R. is approached. The ultimate
tensile strength, while having the most variability, reveals that structures with a higher A.R.
will fail at lower stresses in unconfined conditions. However, examining Figure 13(a),
structures with a higher A.R. tended to have an improvement in apparent ductility.
The 8b sample set shows a non-linear concave stress-strain response at lower strains,
which is consistent with finite element investigations from Chapter 2 [122]. The transition between this concave region and convex hardening at larger global strains was briefly
mentioned in the previous chapter, and is attributed to the local cell rotations. The result
is significant, because it shows that the materials will become stiffer upon loading. Furthermore, the highly tailorable nature of these structures allows for optimization of this
hardening behavior, which is significant in many engineering domains. Understanding the
fundamental mechanics of these rotations can therefore be of significant importance. The
local strains were identified as the primary instigator for these rotations. However, detailed
analyses showing the coupling of local and global strain fields, and their direct effects on
auxetic response were not quantified. Such analyses can provide insight into the fundamental mechanics of rotating polygon structures of several classes, and are explored in the
forthcoming sections. Moving forward, results are shown for representative structures due
to the high repeatability of mechanical tests at global strains much less than failure.
3.3.2

Relating Poisson’s Ratio and Local Rotations
The evolution of the global Poisson’s ratio and local rotations is presented in Fig-

ure 14. These results are presented before the independent strain field analyses for simplicity of discussion. Consistent with previous observations, Poisson’s ratio becomes increasingly negative with a larger A.R. at low strains. On the contrary, the Poisson’s ratio
response of the lower aspect ratio structures are more reflective of the wall material show-
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ing a decrease from 0.5 to 0 over a large strain range. At low global axial strains, the change
in Poisson’s ratio is the most aggressive, and is exemplified by the 6b1 and 8b type structures. The 8b structure, has a more negative Poisson’s ratio over an extended strain range
than the previously investigated structures from Chapter 2. The change in concavity in the
Poisson’s ratio of 8b, not present in the local rotations, is investigated later in this chapter,
and is attributed to large out-of-plane motions. It is interesting to note that in the 8b structure, the second critical point in the Poisson’s ratio correlates with the point of inflection
in the stress-strain response. Poisson’s ratio saturates in all structures at large strains. Examining the local rotations in Figure 14(b), it is observed that the Poisson’s ratio saturates
synchronously with the local rotations, validating that rotation is a primary instigator for
auxetic material response.

Figure 14
Local Rotation and Global Poisson’s Ratio Considered as a Function of Global Axial Strain

Note. (a) Shows the global Poisson’s ratio against the global axial strain. (b) Shows the local
rotation against the global axial strain. The legend in (a) applies to both panels.
1 The

geometric parameter a is dropped from discussions herein. For example, instead of saying a = 6b,
the text will say 6b.
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A direct comparison of the average local axial and transverse strains is shown in
Figure 15. Non-auxetic structures are characterized by a relative increase in strain progression along the transverse strain axis. The direction of local transverse strain originates from
the selection of region of interest and the rotation of cell ligaments. Interestingly, the 6b
auxetic structure shows a reversal in the direction of transverse strain. The difference in
response of the 8b structure is studied in the next section. This reversal is indicative of a
critical strain, where the rotation-dominant response of the ligaments will transform to a
deformation-dominant mode with the transformed perforation geometry. In short, the point
marks the transition from auxetic to non-auxetic. Similar to local shear strain, the transverse strain is therefore also an indicator of rotation-saturation, and will be further explored
in the next section.
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Figure 15
Local Axial Strain vs. Local Transverse Strain

3.3.3

Contribution of Local and Global Strain Fields to Auxetic Response
Direct comparisons between the local and global strain fields are presented in Fig-

ure 16. In Figure 16(a), the transverse strain is elucidated. Non-auxetic structures are
characterized by their negative transverse strains on both the local and global scales. Consistent with Figure 15 a reversal is seen in the global strain in the 6b auxetic structure.
Furthermore, the critical point approaches a zero-value for global transverse strain. Perhaps most interesting is that the local strain increases following the critical point, and does
not decrease like the non-auxetic structures. This behavior is attributed to the perforations
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and pathwise deformations of the structures. While the structure is still experiencing lateral
contraction at this point upon axial elongation, it will not deform like the non-auxetic structures until the net lateral expansion has been eliminated. In principle, another critical point
in local transverse strain could occur based on these observations. At this critical point,
auxetic structures should deform like non-auxetic structures locally and globally. Although
it is physically unlikely to occur due to the large stretch needed to achieve such a response.
Nonetheless, such investigations could be interesting topics of future research.
Figure 16(b) shows that as the auxetic response of the structures increases the response of the local axial strain decreases. This indicates that the solid portion of the cells
are less strained than their hinges upon far-field loading. Returning to Figure 15 for the 8b
structure, it is also observed there that the local axial strain remains near zero for the entire
range of local transverse strain. Because there is no inversion of the global transverse strain
in Figure 16(a) or in the local transverse strain in Figure 15, rotation-dominant behaviors
are likely still occurring at the maximum loading the local analyses are able to capture
for the 8b structure; indicating the hinges, and not the solid portions of the cell are being
strained. On the other hand, the non-auxetic structures are characterized by a near proportional evolution of their local and global axial strains showing that they locally deform and
are less influenced by local rotation.
Shear strain can be used to determine the auxetic-non-auxetic transitions, as discussed in Chapter 2. In Figure 16(c), a direct comparison of the average local and global
strains is presented. Positive global shear strains are generally non-auxetic, while negative
global shear strains tend to be auxetic. Specifically, structures whose local and global shear
strains approach positive values are non-auxetic, and vice versa. It is interesting to note
that in all structures the local shear strain is negative over the entire strain range, while
the global response approaches positive or negative, based on the aforementioned observations. Global shear strains are an order of magnitude lower than the local shear strains.
This is reasonable, as the structure is symmetric, and they should approach zero, as they do
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at lower strains.

Figure 16
Direct Comparison of the Local and Global Strain Fields

Note. Comparisons between the local and global strain fields, where (a) shows the transverse
strain, (b) shows the axial strain, and (c) shows the shear strain.

Comparisons of the local strain fields as a function of the global axial strain are
provided in Figure 17 for each structure. Local strains behave in a linear fashion with
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the lower A.R. structures, and have increasingly non-linear responses as A.R. increases.
The transition from auxetic to non-auxetic in the 6b structure in Figure 17(c), is marked
around the change in concavity similar to Chapter 2. Previous studies showed that shear
strain will converge as the rotation converges. Likewise, the same phenomena is observed
here. Even more interesting, Figure 17(b) and (c) both show an intersection between the
local transverse and shear strains not previously quantified. Examining the response of
the Figure 17(b) and Figure 15, the transition value correlates with largest local transverse
strain (here it saturates), and also speaks to global axial strains where the Poisson’s ratio
has saturated in Figure 14. Likewise, in Figure 17(c) the intersection marks the extreme
point for the local transverse strain where the structure transitions from rotation-dominant
behaviors to deformation-dominant.
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Figure 17
Examination of the Variation in Local Strain Fields as a Function of Global Axial Strain

Note. Comparisons between local transverse (εxx ), axial (εyy ), and shear strains (εxy ) for the (a) a =
2b, (b) a = 4b, (c) a = 6b, and a = 8b samples.
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3.4

Role of Perforation Geometry on Global Mechanical Response
Architected structures can have a profound impact on soft robotic systems. How-

ever, to realize such devices, engineers must quantify the contributions of geometric parameters on material response, and improve our understanding of the fundamental mechanics
of architected structures. Investigations in this chapter thus far have focused on fundamental mechanics. Although the results of these investigations can be used to directly study the
role of perforation geometry on material response. Results from Figure 14 did show that
a higher A.R. leads to a more auxetic response with higher rotations, which has value in
design. The data from these analyses is repackaged in Figure 18 into a continuous contour
plot to quantify these geometric considerations. This interpolation is intended to represent
the design space in a continuous manner.

Figure 18
Contour Map Showing the Role of Perforation Geometry on Auxetic Response

Note. (a) Presents a contour map showing the role of aspect ratio on the strain dependent Poisson’s
ratio of the considered structures. (b) Shows how geometric parameters influence the local
rotations in the structures.
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Results from Figure 18(a) show that structures with a lower A.R. experience a less
dramatic change in their Poisson’s ratio upon global axial motions. Highly auxetic structures do not maintain their response over a large strain range, and the change in Poisson’s
ratio over the strain range becomes increasingly non-linear. However, their self strengthening mechanism discussed in this chapter and Chapter 2 could be exploited for lightweight
structural materials to operate at low strains when loaded in-plane. Structures with an A.R.
around 4 show a near zero Poisson’s ratio over most of the presented strain range. In Chapter 2, it was mentioned that such structures can be useful in soft robotic arms, which will
be revisited in the Chapter 4.
Recalling Equation 11, the A.R. can be directly related to the I.S.. Since, rotation
is the mechanism controlling Poisson’s ratio, it is selected for comparison of the role of
perforation geometry as it has less noise. For comparisons, the maximum rotation is used.
Comparison of the A.R. and I.S. on maximum rotation is shown in Figure 18(b). Rotation
is maximized at a high A.R., or a low I.S. A transition between the geometric parameters
occurs at an A.R. around 5 and an I.S of 0.2 which may be optimal for some applications.

3.5
3.5.1

Analysis of 3D Deformation
Motivation for 3D Analyses
Highly auxetic structures can wrinkle at large strains. While this has been men-

tioned in the literature, it has not been extensively explored, and is often avoided. The
impact of these motions can be significant, and is attributed to the peculiar response of the
8b sample at low strains. Figure 19 shows global deformation images of the 8b sample.
A few observations from the previous sections are qualitatively justified by these images.
First, the solid cell portions appear to be less deformed than their hinges. Second, the wrinkling very clearly causes motions that are not representative of the other structures, which
accounts for the avant-garde Poisson’s ratio response in Figure 14(a), and the small positive
offset of global shear strain in Figure 16(c).
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Figure 19
Global Deformation Images Showing Out-of-Plane Motions From Wrinkling

Note. Global strains are considered from DIC data.

An additional sample set is fabricated and tested to quantify the out of-plane motions. Testing is conducted to the experimental protocol exemplified in Figure 12(b). An
emphasis is afforded to a strain range of 0 to 0.1, because the onset of wrinkling occurs in
this range. Experimental results for the out-of-plane motions are presented in Figure 20.
Figure 20(a) presents a contour map of the 8b structure at a global axial strain of 0.1.
Clearly, the out of plane motions have a great effect on the global response of the structure with their near 10 mm amplitude. These results imply that a planar structure with a
large negative Poisson’s ratio may suffer adverse effects from this wrinkling, on account of
buckling and kinematic inconsistencies between layers that arise from boundary conditions.
Figure 20(b) shows the evolution of curvature along the x-axis as specified in Figure 19.
Interestingly, a local maximum exists, similar to the one present in Figure 14(a) helping
validate the results of that analysis.
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Figure 20
Out of Plane Response

Note. (a) Provides an out-of-plane displacement contour of the a = 8b structure, at the global axial
strain of 0.1. The displacement is characterized by the variable W. (b) Presents the curvature along
the samples’ X-axis.

3.6

Chapter 3 Summary
Chapter 3 presented an experimental study on the fundamental mechanics of center-

symmetric perforated structures. Rotation is a known mechanism of auxetic material response. However, detailed multiscale studies have still not been presented to fully characterize the coupling of local and global strain fields. This chapter contributed several indicators characterizing transition points between rotation-dominant behaviors and deformationdominant behaviors in auxetic structures. Shear strain is still attributed to be a driving factor
in cell rotation. Highly auxetic structures are found to have a minimal change of local axial
strains with large global axial strains. This observation shows that changes in deformation modes will only come at very large global axial strains in highly auxetic structures,
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and are more dependent on the hinge than the cell ligament. A possible avenue of future research lies in the optimization of these hinges by self similar structures or unique
morphology. Geometric parameters were quantified for these popular structures, allowing
engineers to gauge the strain-dependent auxetic response of these structures for practical
design use. The effects of wrinkling and out-of-plane motion were qualitatively and quantitatively discussed. Last, the transition of concave to convex strain hardening in highly
auxetic structures is directly attributed to cell rotation, and the local strains that drive this
phenomena.
Results from this chapter can be used to drive the design of flexible planar mechanical metamaterials with tailored mechanical responses, that can be used to build soft robotic
actuators. Also, the fundamental mechanics associated with these center-symmetric structures are also representative of other rotating polygon structures that are being actively investigated in both the materials and robotics domains. In the next chapter, center-symmetric
perforated structures are used to develop a class of novel soft robotic actuators.
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Chapter 4
Soft Cylindrical Actuators Composed of Perforated Auxetic Sheets

4.1

Introduction and Ideology
Previous chapters have presented a detailed examination of the multiscale mechan-

ics of center-symmetric perforated structures. The goal of the aforementioned chapters was
to fill gaps in the literature relating to the fundamental mechanics of such rotating polygon
structures, and provide a baseline to justify their use in advancing the state-of-the-art in soft
robotics. While this thesis is confined to studies with center-symmetric structures, the same
arguments can be used to justify the use of other architected structures that may be fabricated from flexible materials as reviewed in Chapter 2 and Chapter 3, as reinforcements in
soft robotics. Furthermore, the author of this thesis hopes that these explorations will help
spark future investigations into the integration of metamaterials in soft robotics [39] to help
realize the next generation of robotics through materials design [38].
As mentioned in Chapter 1, soft robotic actuators are generally designed to contract,
extend, bend, or twist [7]. Often, such deformations are induced by structural anisotropy,
such as [23, 180], or by fiber reinforcement orientation [28, 181]. In this chapter, I will
focus on the latter case, and focus on the use of architected materials in place of fibers
as a reinforcement phase in soft pneumatic actuators. This differs from the previously
mentioned applications of metamaterials in soft robotics like the re-entrant soft robotic
finger driven by motors in Chapter 1 [134]
Some have explored the use of metamaterials as lamina on soft bodied objects.
For example a recent article [150], used machine learning and finite element methods to
design and optimize a flexible re-entrant honeycomb type cylindrical auxetic structure and
demonstrated expansion using simulation, citing the mathematical complexity of analytical
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modeling as a justification of methods. The outcome of the communication focuses on the
machine learning and methodology for in-the-loop optimization for a broader scope in soft
robotics, but does promote the concept of using a metamaterial layer in soft actuators. [84]
discusses the challenges of perception and control in soft robots as both a materials and
robotics challenge. More specifically the authors use kirigami sensors cut from electrically
conductive silicone to make sensory skins for bending actuators, and demonstrate promising steps forward for soft robotic proprioception. [133] explored additive manufactured
soft machines composed from Voroni cells with tendon-based actuation, and demonstrated
the applicability of flexible architected materials in the fabrication of soft robotic fingers
and quadrupeds. [182] discusses the 4D printing of auxetic mechanical metamaterials with
reconfigurable properties, whose deformation response mimics that of biomaterials. Aside
from presenting a versatile metamaterial with large deflections, the authors propose the possibility of creating biomedical scaffolds with a cylindrical macroscale geometry and discuss
its avant-garde deformation behaviors. Most importantly, they physically demonstrated the
possibility of making 3D structures from flexible metamaterials.
The aforementioned works showcase the growing research interest in these architected materials in soft robotics in the last few years. Several open topics of research exist
in the literature regarding comparative study of non-auxetic and auxeticly composed soft
robotic actuators, quantification of their efficiency and operating characteristics compared
to the state of the art, possible applications in soft-rigid robotics (primarily in locomotive
robotic systems), analytical modeling and control, and a full picture of the multiscale mechanics of cylindrical actuators versus their constituent components in a planar form. In
the following sections several of these topics will be discussed.

4.2

Design of Cylindrical Soft Pneumatic Actuators
Soft pneumatic actuators are modeled, fabricated, and characterized in this chapter.

The metamaterials examined in this thesis are used in place of fibers that are commonly
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used in soft robotic actuators, whose response changes based on fiber orientation. For these
initial feasibility studies, three flexible perforated structures from Chapter 2 are selected;
one auxetic, one non-auxetic, and the graded design with a near zero Poisson’s ratio1 . The
non-auxetic structure with an A.R. of 1 and an I.S. of 0.2 is selected, as well as the auxetic
structure with an A.R. of 5 and an I.S. of 0.1, based on their previous material responses
to highlight their effect on actuation. The graded design is selected to demonstrate how
spatially tailored structures can be used in soft robotics to alter global and local mechanical
response from the mesoscale by adjusting structural and geometric features. Herein, these
actuators are referred to as non-auxetic, auxetic, and graded. A concept design of the
actuators is presented in Figure 21(a), and schematics of the unit cells and gradation scheme
are presented in Figure 21(b).

1 See

Figure 1 for a refresher if needed.
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Figure 21
Concept Design of Soft Pneumatic Actuators Constructed From Flexible Center-Symmetric
Perforated Structures

Note. (a) Shows renderings of soft pneumatic actuators constructed with an auxetic sheet (orange)
and a non-auxetic sheet (blue). Unit cells with corresponding colors are presented in (b) for the
auxetic and non-auxetic unit cells. The green strip of cells depicts the density graded scheme
presented in Chapter 2. Geometric details have been given in the text.

4.3
4.3.1

Materials and Characterization
Tensile Testing of Actuator Materials
Analytical models are employed in this chapter to predict the response of the ac-

tuators. An emphasis is later afforded to the auxetic actuator. This approach is selected
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over finite element methods due to the complexity and difficulties associated with simulation, and to provide insight into what would be required for practical feedback control.
Previous chapters focused on the multiscale mechanics of the structures these actuators are
composed of, and provided a comprehensive discussion of their mechanics. As such, the
data presented in this section is for best practices, since the center-symmetric perforated
structures are fabricated with a different batch of TPU, and a different printer (Creality Ender 3). Photographs of representative structures that are characterized in tension are shown
in Figure 22. The high print quality is consistent amongst all samples.

Figure 22
Planar Sheets Used to Construct Soft Robotic Actuators

Note. Photographs of representative sheets where (a) shows a non-auxetic sheet, (b) shows an
auxetic sheet, and (c) presents a graded sheet.

Material data are collected using the same methods described in Chapters 2 and 3
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and is shown in Figure 23. The hyperelastic stress-strain response intrinsic to each structure and base material are exemplified in Figure 23(a) and Figure 23(b), respectively. The
Ecoflex 00-50 silicone rubber is significantly more compliant than the TPU showing why
it is a good candidate for the inner cylinder construction as conceptualized in Figure 21.

Figure 23
Constituent Materials Characterization for Soft Pneumatic Actuators

Note. (a) Shows the stress-strain response of each structure fabricated from TPU. (b) Shows the
stress-strain response of the TPU and silicone rubber from the batch of materials used to fabricate
the actuators. The left vertical axis corresponds to the stress-strain response of the TPU, and the
right vertical axis corresponds to the stress-strain response of the Ecoflex 50 material. (c) Shows
the incremental Poisson’s ratio of the structures, and (d) shows the incremental Poisson’s ratio of
the TPU and silicone rubber.
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Previous results from Chapter 2 of the graded structure, omitted photographs of the
failure, and images of the sample under tension. Here, such images are useful because
they provide insight into the spatial deformation of the structure which is important in the
deformation behaviors of the soft robotic actuators. Photographs of the graded structure
in testing conditions are provided in Figure 24. Examining Figure 24(a) it is observed
that the central region composed of auxetic cells experiences most of the deformation.
Furthermore, rotations are more pronounced as the material becomes more auxetic. Since
rotation varies along the density gradient, it can be surmised that an extremely compliant
material would eventually allow total saturation of the Poisson’s ratio of this structure as
described in Chapter 3 on a local scale for a single density lattice. Most importantly, this
highly auxetic central region being less rigid in-plane, is likely less stiff than the less auxetic
region approaching the grips in the out-of-plane direction as well. This spatial variation
of stiffness is expected to balloon upon cylinder pressurization. In addition, examining
Figure 24(b) its boundary is likely to be a point of failure.
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Figure 24
Photographs of Graded Sample During Testing and Post-Failure

Note. (a) Photograph of graded sample mid-test. (b) Photograph of a graded sample after failure.

4.3.2

Compression Testing of Cylindrical Center-Symmetric Structures
The slender composition of the perforated sheets used in this thesis inhibits in-plane

compression tests. Characterization of their compressive properties is useful to understand
the sheets buckling behavior. For example, a modular soft robotic arm composed of these
actuators may have an unpressurized segment which can buckle past the wall materials critical buckling load. To this end, a separate batch of cylindrical structures are constructed
and characterized. Compression cylinders are presented in Figure 25. TPU is a thermoplastic which can be melted and re-harden, compared to a thermoset, which cannot. Cylinders
are constructed by fusing the edges of the flexible sheets together with a soldering tool at
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approximately 320 ◦ C. This temperature is selected by trial and error. The melt temperature of TPU during printing is not used because it is challenging not to burn or completely
melt the material while its temperature is increasing. A photograph of the seam of the auxetic cylinder is shown in Figure 25(d) that demonstrates a high quality seam is achievable
with these methods. It is noted here that cylinders fail at this seam in the auxetic and nonauxetic actuators at pressures far past those considered later in this work. As such, process
optimization of this fabrication step is imperative for real-world realization. An alternative
could be 3D printing the cylinder in a single step, which was not achieved in the author’s
initial fabrication trials with fused filament fabrication, however, it can be considered in the
future studies.
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Figure 25
Cylindrical Structures

Note. Fabricated cylindrical structures, where (a) shows a non-auxetic cylinder, (b) shows an
auxetic cylinder, and (c) shows the graded cylindrical structure. (d) Shows the seam of the
structure presented in (b).

Cylinders are characterized in quasi-static compression with a Shimadzu AGS-X
load frame with a 10 kN load cell. The crosshead-displacement is 5 mm/min. Photographs
are taken at 2 Hz to record macroscale deformation patterns. An extensive multiscale anal69

ysis of these patterns and rotations in compression is a topic of future research. In these
analyses, the force-displacement response is considered over a homogenized thin-walled
cylinder for simplicity of analysis. The Ecoflex cylinder buckles at considerably lower
forces and is presented for completeness. All structures demonstrate a clear critical buckling load. The non-auxetic structure significantly outperforms the graded and auxetic structure. Recalling Figure 10 from Chapter 2, the most auxetic layers of the graded design have
the same geometry as the considered auxetic structure. It is interesting to note that their
critical buckling load is the same. This indicates that layer by layer deformation observed
in tension in Figure 24, also occurs in compression. Results from this section highlight the
design trade offs between auxetic and non-auxetic cylinders and their buckling with no lateral confinements or internally pressurized air bladder. In general, pneumatic soft robotic
arms are not designed to be in service while unpressurized. However, if it is expected that
they may experience in-plane loading outside of standard operation, a non-auxetic material
will offer superior buckling resistance.
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Figure 26
Compression Testing of Cylindrical Center-Symmetric Structures

Note. A photograph of the critical point in non-auxetic structure is shown as an inset in the figure.

4.4

Analytical Modeling of Free Displacement
Before fabricating and testing the proposed soft robotic actuator, an analytical model

is developed to predict their responses in free-displacement. The model is developed to provide insight into the fundamental mechanics of these soft robotic actuators, and to provide
a framework for future optimization and control. The goal is to relate the pressure to axial
and radial displacements. Most importantly, the model aims to predict nominal trends in
the response. Effectively, we want to predict if it will act in extension or contraction upon
pressurization.
Soft actuators are designed as hollow cylinders, composed of an incompressible hyperelastic material and a transversely isotropic incompressible hyperelastic material. For
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simplification, both the inner and outer shells are analyzed with isotropic hyperelastic material models. Homogenizing the outer shell in this fashion will lead to simpler modeling,
but is expected to have decreasing accuracy at very large strains. The model will allow
both axial extension and radial expansion upon the introduction of internal pressure. The
modeling approach in this section is heavily inspired by the modeling approaches of [28,
183] with modifications to restrict torsion and to replace fibers with a second hyperelastic
layer. The aforementioned approaches ([28, 183]) model fiber reinforced actuators as hollow cylinders with a hyperelastic isotropic inner cylindrical shell, with fiber reinforcements
modeled as homogeneous anisotropic materials. The models allow axial extension, radial
expansion, and twist; which can all be introduced by fiber orientation [28]. Here, the finite elastic approaches of [44] which models axial extension, radial expansion, and torsion
of tubes are acknowledged; in addition to several other loading considerations the authors
have derived responses for. The hyperelastic modeling approach used herein is chosen for
scalability for practical implementation with some modifications.
Figure 27 shows a schematic of the undeformed and deformed actuator, and their
respective geometric parameters. It is assumed that the radial and axial expansion is uniform, and that there is no torsion. In addition, since this is free displacement, there are
no additional axial or radial loads acting externally on the actuator. Next, the two shells
experience equal deformations. Finally, pressure acts normal to all faces.
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Figure 27
Free Body Diagram and Geometric Parameters for Free Displacement Model

Note. Dimensions of geometric parameters are presented later in the analytical modeling section.

Where Z is the undeformed height of the actuator and z is the deformed height
of the actuator. Ri is the undeformed radius to the inside of the silicone inner cylinder,
Rm is the undeformed radius to the outside of the silicone inner cylinder, and Ro is the
undeformed radius to the outside of the metamaterial. ri is the deformed radius to the
inside of the silicone inner cylinder, rm is the deformed radius to the outside of the silicone
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inner cylinder, and ro is the deformed radius to the outside of the metamaterial. σθ θ is the
stress in the actuator walls along the cylindrical axis θ , and P is the internal pressure of the
actuator.
Geometric relations that will be used in the model describe the axial extension and
radial expansion of the actuators, and are given in Equation 12 and Equation 13, respectively2 .

z = λz Z

(12)

r2 − r02 = λz−1 (R2 − R20 )

(13)

Where Z is the undeformed height of the actuator, z is the deformed height of the
actuator as described in Figure 27, and λz is the axial stretch. r is the deformed radius on
the interval ri < r < ro , and the subscript, 0, denotes the reference configuration.
The silicone material and flexible structure both utilize a neo-Hookean hyperelastic
material model whose strain energy function resembles those discussed in Chapter 13 . This
approach is selected for ease of modeling, and can be improved with models such as the
Gent, Yeoh, or Ogden [185]. The strain energy function Wneo−Hookean considering the neoHookean model is only a function is its first invariant from Equation 6, and it’s initial shear
modulus as described in chapter 1 with Equation 4, and is given by Equation 14 [28, 46].

Wneo−Hookean =

µ
(I1 − 3)
2

(14)

Starting with the initial shear modulus, the initial elastic modulus and Poisson’s
ratio are estimated for initial axial strains (εyy < 0.004), from experimental results in Fig2 Since

no torsion is assumed θ = Θ, which is omitted as an equation for brevity.
monoclinic, orthotropic, and transversely isotropic hyperelastic materials have more invariants for their strain energy functions that must be considered. An example from the literature for finite
element formulation of transversely isotropic hyperelastic materials is given in [184].
3 Anisotropic,
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ure 23. The first recorded value of the incremental Poisson’s ratio is used, except for the
graded design, which is taken as zero to elucidate what is achievable with such a value.
The initial shear modulus for each structure is computed from Equation 4 and is presented
in Table 2. Similarly, the initial shear modulus of the silicone rubber (Ecoflex 00-50) is
estimated from parameters determined from tensile test results shown in Figure 23, and are
also presented in Table 2.

Table 2
Initial Values of Constitutive Parameters
Sample
Eco f lex 00−50

Nonauxetic

Auxetic

Graded

Einitial
(MPa)

0.20

17.7

0.74

6.39

νinitial

0.40

0.31

-0.60

0

µinitial
(MPa)

0.07

6.76

1.77

3.19

In Chapter 1, the notion of hyperelasticity was introduced to support discussions
and review of the fields of soft robotics and flexible structures. More background must
be presented to understand the mechanics necessary to model incompressible isotropic hyperelastic materials, which are presented as the formulation proceeds. The first step is to
define a deformation gradient. Since both Eulerian and Lagrangian frames are used, it becomes essential and is intrinsic to define a mapping to describe deformations. This gradient
is identical to the change between the two frames. Considering the deformation gradient
as F, and the deformed configuration by x, the relation is described in general terms in
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Equation 15 as

F = ∇x

(15)

where the nabla notes gives the del operator, which is a vector differential operator.
Since the actuator is cylindrical, it makes sense to consider the deformation gradient in
a cylindrical coordinate system. Considering Equation 15, and implicitly differentiating
Equation 12, Equation 13, and considering no torsion, the deformation gradient is given in
Equation 16.
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(16)

The deformation gradient F is now used to calculate the left Cauchy-Green deformation tensor C as defined in Equation 17, which gives the deformed configuration and
enables the determination of the principal invariants needed for modeling. Without getting into too many details, these deformation invariants as their name imply, are invariant
with finite deformation and provide critical information about the principle strains expected
upon deformation [40].

C = FFT

(17)

Where, T , denotes taking the transpose of the tensor. Taking the trace from Equation 17 then gives the first invariant as shown in [45] and is presented in Equation 18.

I1 = tr(C)
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(18)

With Equation 18, all information needed has been gathered to relate the strain
energy and stress induced by the internal pressure on the cylinder. [183] provides the
relationship for stress and strain energy, and is presented in Equation 19

σ i,o = 2W1i,o C − PIn

(19)

Where superscripts i,o denote inner and outer shells, respectively, and are not to be
confused with the subscripts given in Figure 27 for the cylinder dimensions. P is the internal
pressure of the cylinder. The n × n identity matrix is given by In . To avoid confusion with
the invariants, commonly written in terms of I, superscripts will be used for the identity
matrix when mentioned. W1 gives the strain energy function for the prescribed deformation
gradient and invariant.

W1 =

∂W
∂ I1

(20)

Next, the goal is to describe the path-dependent motions of the cylinders. The
Cauchy equilibrium 4 can be used to develop an analytical model to characterize the axial
and radial stretches considered in this section.
dσrr σθ θ − σrr
=
dr
r

(21)

Which can be integrated by separation of variables to establish a relation for the
pressure inside the cylinder, considering stress states of the inner and outer shells, and is
shown in Equation 22.
Z rm i
Z ro o
σθ θ − σrri
σθ θ − σrro
dσrr = P =
dr +
dr
ri

r

rm

r

(22)

Axial stresses can be found with knowledge of the respective areas to the inner and
4 div(σ )=0.
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outer shells5 , which vary as a function of radius and are given in Equation 23. Likewise,
moment equations can be derived using the approaches of [28, 183]. Here, this could be
useful if off-axis external loading needed to be incorporated for design or control, which is
past the scope of this thesis.
Z rm

N = 2π
ri

σzzi rdr + 2π

Z ro
rm

σzzo rdr = Pπri2

(23)

With Equation 22 we are now able to worry about strain energy, which must be
related to stress under the assumed equilibrium conditions. [183] provides such relations
for a more general case permitting rotation and shear stress in a cylindrical coordinate
system. Omitting torsional effects, and unneeded invariants as assumed in the problem
definition Equation 24 can be used to this end6

σθ θ − σrr = λθ

∂W
∂ λθ

(24)

Where λθ is the radial stretch given by Rr . Composition of Equation 24 into Equation 22 reduces to Equation 25.
Z rm

P=
ri

λθ

∂W i dr
+
∂ λθ r

Z ro
rm

λθ

∂W o dr
∂ λθ r

(25)

The change in strain energy with respect to the radial stretch will surface in the
neo-Hookean constitutive model given in Equation 14; wherein the first invariant is the
trace of the finger tensor containing the radial stretch, λθ , and axial stretch, λz . As such,
Equation 17 is evaluated to yield Equation 26:
5N

= σ A = σ πr2 as seen on the right hand side of Equation 23. Only ri is present, because it is the only
portion of the cylindrical cap which pressure acts normal to, as assumed earlier.
6 Considering σ and the principal strain invariants, it can be shown W = W (λ , λ , λ ) = W̃ (λ , λ , 0), for
ij
1 2 3
θ z
cylindrical coordinates of R,θ ,Z. Furthermore, the result of the total differential of σi j : i, j ∈ Z, can be used
to develop simple connections like the one used in Equation 24. See chapter 4 of [183] for more information.
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(26)

The strain energy function in Equation 14 is differentiated with respect to λθ and is
substituted into Equation 27.

Z rm

P=
ri

 dr
µsi
−2λθ−3 λz−2 + 2λθ
+
λθ
2
r

Z ro
rm

λθ

 dr
µT PU
−2λθ−3 λz−2 + 2λθ
2
r

(27)

Where subscripts si, and T PU correspond to the Ecoflex 00-50 and TPU materials,
respectively. It is clear that the axial and radial deformations are coupled. Therefore, to
directly solve for stretches, Equation 23 would need to be heavily modified and simultaneously solved with Equation 27. However, the goal of this modeling is just to investigate
and make a simple prediction if the actuator contracts or expands, and to get an idea of the
magnitude of displacement and pressure to design experiments. Therefore, a surface can
be constructed from the set of all possible combinations of the axial and radial stretch, to
analyze these global deformation patterns that a solution will exist on. However, it is not
true that this would work for all multivariate functions, and for the purposes of this thesis
should be justified.
We seek a surface such that Psolution −→ Psur f : P ∈ R that gives a smooth spatial
curve on the surface. Where Psur f is found with the analytical model for all possible combinations of λθ and λz . The highly coupled relationship between axial and radial stretch
implies that λθ −→ λz and λz −→ P (i.e., composition of functions must be possible). However, the combination of all λθ and λz in R will not directly lead to the required multivariate
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function that is onto itself ∀ P in the presented combination. Since Psolution = Psur f , at values allowable by composition of functions, it is reasonable to define a function mapping
of the pressure surface to itself by an identity function, which by definition will inherently
be injective and bijective. Going one step further, we have found a onto function mapping
a set to itself, which defines a permutation. The resultant ordered sequence in Psur f ,will
only be valid for values Psur fi, j ∩ Psolution , where: i,j is the value of the function at a specific
point in the sequence. All other combinations are invalid, and can be taken as zero. Taking
the order sequence in ascending order, a unique second stretch and pressure will scale with
the independent variable making a smooth on to one spatial curve, and the remainder of
the solution surface will form a null set. This rationale is later validated for the purposes of
experimental design using experimental validation7 .
For simplicity, Equation 27 can be Taylor expanded in the neighborhood of a chosen
value, to provide an estimate of the coupled stretches and pressure using Equation 28 [188],
like the more complicated variant of these equations derived in [28].
∞

f (x) =

∑

n=1

f n (a)
(x − a)n
n!

(28)

Letting a equal F11 from Equation 15 for each shell, the series expansion of Equation 27 is provided for the first order in Equation 29.

P = λθ−1 λz−1

∂W i
∂W o
ε1 + λθ−1 λz−1
ε2 + O 2
∂ λθ
∂ λθ

(29)

where ε1,2 are geometric parameters describing the thickness of each shell. ε1 is
given by

Rm −Ri
Ri

and ε2 is given by

Ro −Rm
Rm .

Substituting all terms, the pressure can be ex-

pressed as shown in Equation 30.
7 Sources

[186] and [187] are used in the formulation of this proof.
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P = λθ−1 λz−1
µT PU
λθ−1 λz−1
2

 Rm − Ri
µsi
+
−2λθ−3 λz−2 + 2λθ
2
Ri
 Ro − Rm
−2λθ−3 λz−2 + 2λθ
+ O2
Rm

(30)

where material constants are taken from Table 2. The physical design will use Ri =
10.21 mm, Rm = 13.34 mm, and Ro = 14.43 mm. Which are substituted into Equation 30.
Returning to the initial assumptions and assuming that the inner and outer shells deform
equally in the axial and radial directions, Equation 30 is populated with values from 1 to 1.2
to construct a predictive surface using both the axial and radial stretches, which is presented
in Figure 28 for the auxetic actuator8 .

8 Values are taken with respect to an initial configuration. As they pass a value lower than 1 they should
begin to rapidly approach ±∞.
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Figure 28
Predicted Response Surface of an Auxetic Actuator From Analytical Modeling

The results of Figure 28 predict that pressures less than 8 psi will lead to a maximum change in stretch of 0.2 in both the axial and radial directions. It is shown that both
stretches will plateau at larger magnitudes, with a lower radial stretch than axial stretch
over most of the domain. Aside from the predicted pressures and stretches being reasonable, their increasing values indicate that the soft actuators will act in extension instead of
contraction. This is contrary to the contraction commonly observed in the pneumatic McKibben artificial muscle actuators, but not contrary to some novel fiber reinforced actuators,
whose actuation is governed by the fiber reinforcement angle. As such, the experimental
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apparatus is designed to accommodate the expansions when characterizing free and confined axial and radial displacements. While this model is limited to capturing representative
behaviors for experimental design, it is later validated that the experimental results actually
lie on this surface, which validates the model for the purposes of experimental design. As
future work, Equation 23 can be modified and simultaneously solved with Equation 27 to
develop a model to concurrently solve for the axial and radial stretches.

4.5

Fabrication of Soft Actuators
With an understanding of the deformation mechanics of the proposed actuators that

can be extended to future modeling and control, the proposed soft robotic actuators are now
fabricated and characterized. Actuators are fabricated in two parts as shown in the concept
presented in Figure 21. Images detailing the fabrication of the actuators are presented
in Figure 29. The inner cylinder is a closed pressure vessel composed of Ecoflex 00-50
silicone rubber. The inner cylinders follow a simple two-step casting process with a three
part mold as shown in Figure 29(a). A long outer cylinder is designed to receive an inner
cylinder, which when removed will form the inner cavity. At the end of the outer cylinder
there is a 10 mm section for the end cap of the actuator. Silicone material is placed in the
outer cylinder which is closed with the inner cylinder; whose cap matches the outer outer
diameter of the outer cylinder. A third mold piece is used to form the second actuator cap,
with a small hole to allow an air inlet into the cast cylinder.
The silicone rubber material is manually mixed in 1A:1B proportion. Prior to being
cast into the mold pieces, a heat gun is used to release entrapped air bubbles in the material.
A mold release spray is applied to all parts shown in Figure 29(a), followed by material
addition. Actuator parts are allowed to cure for 12 hrs in a fume hood. The cast parts are
removed from their molds, and are shown in Figure 29(b). In the second part of the casting
process, the silicone material is used as an adhesive to join the bottom air cap to the silicone
cylinder using the same material preparation process.
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The cylindrical sheets are prepared using the same process mentioned in the cylindrical characterization section. A representative photograph of the joining process is shown
in Figure 29(c) for the non-auxetic structure. Tabs are kept over the end caps to fix the actuators to the test platform, and minimize bulging at the ends as discussed in the next section.
The actuator fabrication is finalized by sliding this outer sheet composed of the flexible
structures over the rubber inner cylinder. They are not cast into the inner cylinder to allow
and encourage local unit cell rotations. Actuators are shown in the next section, where they
are characterized in free-displacement, and under axial confinement.

84

Figure 29
Fabrication Details of Cast Soft Actuators

Note. (a) Shows the mold pieces used to cast the parts of the soft robotic actuators. (b) Shows the
silicone parts cast from the first step of the fabrication process. (c) Shows the joining process used
to transform the perforated sheets into cylinders using a soldering tool.

4.6
4.6.1

Experimental Protocol and Results
Free Displacement Testing
Experiments are conducted to characterize the actuators free displacement upon

internal pressurization. An annotated photograph of the experimental setup is presented in
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Figure 30. The test fixture is fabricated using fused filament fabrication from polylactic
acid (PLA), to allow free axial and radial expansion. Since the perforated structures do not
deform under their own weight, the fixture is designed to allow vertical axial motions from
the bottom of the cylinder. The fixture is designed to be compatible with an optical table
with 1/4-20 holes spaced 1 inch on center. A hole is designed in the base of the fixture
platform to hold a nozzle which reduces the diameter of the air line to the dimensions of
the air inlet of the air cylinder. To ensure stability of this part, a hose clamp is machined to
make a part to fix the air line to the optical table.
Pressure data are collected with a pressure transducer (Zojan, 0-174 psi) integrated
with a microcontroller (ATmega328 AVR), and is synchronized with a single monochromatic camera at 1 Hz. The camera system is not used to facilitate DIC measurements, and
is instead used to capture images of the deformation behavior, which are later quantified. A
manual pressure gauge (PneumaticPlus PPR2-N02BG-2, 3-30 psi) is added into the experimental setup as a secondary pressure check during the experiments, and is upstream of the
pressure transducer whose data is collected. Free displacement experiments are considered
from 0 psi to 6 psi based on the theoretical results. All components in contact with the
optical table are fixed with 1/4-20 fasteners to minimize variation between tests.
The base of the actuator is fixed to the test fixture. It cannot freely sit on the fixture, because upon expansion it will push away from the platform as the systems pressure
increases. Regardless of the modeling assumptions, fixing the base of the actuator leads to
very consistent testing conditions necessary for characterizations. Tabs are kept over the
end caps to allow joining to the platform of the test fixture. Specifically, the same joining
technique used to close the cylinders is used to fuse the base of the tabs to the test platform
by melting a thin bead of TPU around the base of the bottom tab.
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Figure 30
Experimental Setup for Free Displacement Testing

Three tests are performed to characterize the deformation behaviors of each actuator, and neat-material cylinders. Image data are processed using ImageJ9 for the recorded
image sequences. The pixel-length scale used for analyses is updated for each data set
to ensure the highest quality results. Figure 31 presents scatter plots to show consistency
amongst the tests for each actuator and discuss the coupling of radial and axial motions.
In the legends, ”vertical” denotes axial motions, and ”horizontal” denotes radial motions.
In each direction the maximum deformation is recorded. The motions of the non-auxetic
and auxetic actuators show a higher degree of uncoupling than the graded design. Interestingly, the graded design has a net-zero Poisson’s ratio over an extended strain range in
tension, which is reflected in the free-displacement data. Non-linear structural response is
observed in each actuator and the neat material cylinders, as expected from their constituent
9 Java-based

image processing program provided by NIH for public use.
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materials. While the neat material cylinders show larger deflections, their deformation is
balloon like and is not well controlled. In this section, the deformations of the actuators
with perforated structures will be emphasized.

Figure 31
Experimental Data From Free Displacement Tests

Note. Pressure-displacement response of the (a) non-auxetic, (b) auxetic, (c) graded soft robotic
actuators in free-displacement, and (d) neat-material cylinders constructed from the Ecoflex 00-50
material.
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Representative trials are selected for each actuator and are plotted alongside each
other in Figure 32 to enable comparisons of each actuator. The non-auxetic actuator has the
weakest response overall. This observation is reasonable given its stiffer material response
when compared to the auxetic and graded structures as previously shown in Figure 23. In
both the axial and radial directions for the non-auxetic actuator, the initial deformations
are more rapid than at larger strains. Which is in agreement with the theoretical modeling,
excluding the unexpected spike in axial displacement at 5 psi. Recalling Chapter 3 this
makes sense, based on material response, and because the structures are less stiff while
cells are rotating and will remain so until the Poisson’s ratio saturates and the axial strain
increases in the solid portion of the cells. In the case of the non-auxetic structure this
phenomena happens early. However, highly auxetic structures, such as the ones considered
here, experience rotation over a long strain range. These arguments are later justified with
images of the deformation sequences.
Looking at the axial deformations in Figure 32(a) the auxetic structure outperforms
the graded structures. However, radially they have similar responses. Which is also observed in the compression tests of the cylinders in Figure 26. Since, the center of the
actuator is expected to have the largest radial expansion, and the Poisson’s ratios of the
graded and auxetic structures are the same at this point, the near equal radial deformations
are reasonable. The variation in axial displacements between the two structures can be attributed to the less auxetic, and more stiff layers of the graded structure that approach the
end caps. An interesting future work can explore the strategic placement of auxetic layers
at the ends of the actuator to determine if the expansion of the graded design approaches
that of the auxetic at the ends, where radial expansion should be the least. This can also
lead to radial optimization for confined work areas of soft robotic arms composed of these
actuators. Last, the responses of the actuators appear to approach a plateau at large strains.
The observation is justified by the rotation dominant behavior of the unit cells composing
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the flexible outer sheets, which will saturate at large global axial strains.

Figure 32
Direct Comparison of Free Displacement for Each Actuator

Note. (a) Shows the axial displacements of the actuators, and (b) shows the maximum radial
displacement of the actuators, which occurs at the center of the actuator height in all tests.

Deformation behaviors are qualitatively discussed from the deformation sequences
for the actuators elucidated in Figure 32, and are presented in Figure 33. The metamaterial
layer acts as a radial confinement when loaded, and will help elongate the actuator upon
pressurization. These observations are consistent with the predictions of the analytical
model. Superior elongation capabilities are present in the auxetic and graded actuators. In
the auxetic and graded designs in Figure 33(b) and (c), respectively, it is observed that cells
freely rotate with radial stress applied to the metamaterial layer validating that cell rotation
is the dominant mechanism for controlled deformations. It is interesting to note that cells
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rotate to different angles along the span of the graded design. Which shows that the most
auxetic layer will achieve the greatest axial and radial expansion. The axial displacement
response of the graded design shown previously in Figure 32, is justified as being weaker
than that of the auxetic due to this deformation gradient. Last, it is interesting to note that
the solid portions of unit cells have almost achieved their maximum rotation angle in the
auxetic actuator, justifying the previous arguments for the onset of a displacement plateau
that has not yet been achieved for the considered pressure range.

91

Figure 33
Experimental Images of Actuators in Free Displacement

Note. By row, (a) shows the non-auxetic actuator, (b) shows the auxetic actuator, and (c) shows the
graded actuator. The pressure, P, is in units of psi.
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For real-world applications, an engineer may want to restrict radial deformations
and maximize axial deformations. For example, a soft robotic arm with three degrees
of freedom (DOF) may have a small work area in an application like minimally invasive
surgery [24]. Another reason to limit these radial deformations is to prevent contact with
adjacent actuators. Addition of such contact interactions into control is very challenging.
Furthermore, contact between actuators can lead to stress concentrations where actuator
segments are attached to their connectors. Which adds another layer of complexity to
the design of such a soft robotic arm. Based on these considerations, the ratio of maximum
axial to radial deformations is taken, and is plotted against the actuators in internal pressure
to investigate motion coupling as shown in Figure 34. The ratio is expressed in terms of
the axial and radial stretches.
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Figure 34
Displacement Ratio of Soft Robotic Actuator in Unconfined Conditions

Results from Figure 34 show significant differences in motion coupling that can
be very useful in design. The ratio of displacements will be high for large axial motions
with low radial motions. The non-auxetic actuator displays the largest displacement ratio,
but from previous analyses, had the lowest axial displacements. The high displacement
ratio can be attributed to early saturation of the incremental Poisson’s ratio. Based on the
free displacement analyses, the non-auxetic actuator is a good candidate for applications
where actuator segments have a small radial window to work in that requires moderate axial
displacement.
The auxetic actuator has greater similarities in axial and radial motions. However,
the approaching plateau is indicative of the decreasing axial displacement shown previously
in Figure 32 that is justified with images of the deformation sequence in Figure 33. The
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radial displacement appears to still be increasing at the saturation of cell rotation in the axial
direction. It remains a topic of future research to determine if the cell rotation saturates
from out-of-plane loading. It can be surmised that the answer is yes, because cells still show
some rotation with out of plane loading. However, the response would change drastically
based on where the strain accumulates after saturation (i.e., on the hinges or solid portions
of the unit cells). The results of this section indicate that the auxetic design is the best
suited for applications requiring very large deflections regardless of radial displacements.
The free displacement response of the graded design is reflective of its tensile properties. Excluding the initial region which is expected to have rapid expansion upon inflation, the displacement ratio hovers constant around 1. An analogy can be made to its
Poisons ratio which is zero. These results indicate that the axial and radial expansions are
happening in unison. Obviously examining the deformation sequence in Figure 33(c) we
observed that the radial deformation is not uniform. However, for practical design the max
radial displacement is the most useful metric. Therefore, for applications where a near
one to one directional stretch is required, the zero Poisson’s ratio design proposed in this
research is a promising candidate. Most importantly, the results from this design show
improved axial response over the non-auxetic design, and demonstrates the promising potentials of spatially tailored materials in soft robotics.
A direct comparison of the experimental free displacement response of the auxetic
actuator and the theoretical displacement presented in Figure 28 are shown in Figure 35.
Theoretical results are represented by the surface and experimental displacements are converted to their respective stretches. To help visualization, the experimental data and theoretical model follow the same color scheme. Observing Figure 35, the experimental and
theoretical data are in good agreement. Specifically, the experimental data closely follows
the trend of the stretch-pressure surface as predicted by the analytical model. This observation highlights the applicability of the model for the purposes of experimental design in
this thesis, and shows the promising potentials of its future development for use in design
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and control of a soft robotic arm.

Figure 35
Comparison of Analytical and Experimental Free Displacement Results

Last, these actuators are compared to the state-of-the-art in soft robotic actuators
to determine their feasibility. Generally, McKibben actuators are characterized by a contraction ratio. Which is the ratio of axial reduction to it’s initial axial length which is then
compared to a contraction force [19]. This is similar to the axial stretch, λz , defined in this
thesis, although a negative sign of λz would indicate axial reduction/contraction. Generally,
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these characterizations are considered with force, but are also characterized in free conditions. Discussions are placed here, because force is later examined in confined conditions,
and an apparatus to characterize the contraction ratio to exerted force with axial extension
is not available to the author of this thesis at the time of writing. A review of the modeling
of McKibben actuators puts the theoretical contraction ratio up to 0.37 from 0.2, depending on the fiber angle and geometry. Likewise, the radial stretch up to 2.5 depending on
geometry [19]. Based on the free displacement experiments for the auxetic actuator, the
maximum axial stretch is 0.17, and the maximum radial stretch is 0.46. This indicates that
these actuators may perform better in radially confined settings than the existing actuators.
It is important to note that tests are not conducted until failure. Furthermore, the free displacement had not yet plateaued at the termination of the experiments. As such, it is likely
that the actuators will still perform at larger internal pressures, while already achieving a
contraction ratio approaching that of the existing actuators. However, direct comparisons
cannot be made at this time, and remains a topic of future research.
4.6.2

Confined Testing of Actuator
Soft robotic arms and actuators may need to be able to provide a prescribed force

for their end use application. For example, McKibben actuators have been characterized
for use in active soft orthotics [22], where they were required to have a specific force
and velocity magnitude for human-machine interfacing. As such, information relating the
internal pressure to the apparent tip force in confined conditions is essential in determining
the feasibility of these actuators.
Confined expansion experiments are performed in a Shimadzu AGS-X load frame
with a 10 kN load cell. An annotated photograph of the experimental setup is presented in
Figure 36. The same test fixture and camera system used in the free displacement tests is
used in these analyses. Conveniently, the fixture used to hold the compression plates in the
load frame has holes with the same spacing as the optical table where the free displacement
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experiments are setup. Therefore, no modifications are made to the test fixture. In these experiments, image data, pressure data, and load frame data acquisition are all synchronized
at 1 Hz.

Figure 36
Experimental Setup for Confined Testing

Three trials are performed for each actuator until a 10 psi internal air pressure is
achieved. In addition, tests are performed for three neat-material cylinders. For brevity,
data is presented for a representative trial to enable comparisons between the soft actuators,
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and is presented in Figure 37.

Figure 37
Soft Actuator Confined Testing Results

Note. (a) Shows force-pressure plots and (b) shows the radial displacements at the maximum
recorded force for each representative test in (a).

Examining Figure 37(a), the graded and auxetic designs greatly outperform the nonauxetic actuator over the duration of the pressure range in terms of axial load exerted. The
maximum recorded displacements from the confined experiments are highlighted in the bar
chart in Figure 37(b). Overall, their response is predicable from the free displacement data
where actuators with non-auxetic composition experience small radial displacements and
auxetic actuators show larger peak radial displacements. The neat material cylinders exert
very little force, with very large radial ballooning. Near 2 psi, they balloon more than the
other actuators at 10 psi. This observation highlights the need for confinement materials as
discussed in this thesis. In these confined conditions, a question of allowable radial expan99

sion still surfaces and should be considered by engineers based on design specifications,
the service conditions, and the working area of the system they are to be integrated into.
The small improvement in peak force performance of the graded design in Figure 37(a) is due to a slightly larger peak internal pressure. In the vicinity of 8 psi to 10
psi it can be claimed that their force-pressure operating characteristics are near identical.
What is perhaps more important about the graded design is that it exhibits a higher force
at lower strains. The question is why, because previous results from free displacement and
compression testing show the actuators mechanical response is contingent on the selection
of the center-most gradation layer? To answer this question, the deformation sequence of
the graded actuator presented in Figure 37 is presented in Figure 38.
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Figure 38
Experimental Images of Radial Deflection of Graded Soft Robotic Actuator in Confined
Conditions

Note. The pressure, P, is in units of psi.

Consistent with the free displacement images, the cells center-most to the cylindrical structure achieve rotation saturation much earlier than the less auxetic layers that
approach the ends, which barely rotate. As these innermost cells rotate, they axially push
the actuators forward as the deformation dominant mechanism. However, the less auxetic
and confined cells have nowhere to go but up. As such, additional axial load is transferred
from the more auxetic layers to the less auxetic layers. The process also occurs in the single density auxetic actuator, however the uniformity of radial expansion at lower strains
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diminishes the contributions of this phenomena at low pressure.
Aside from allowing highly controlled deformations, these actuators have a few
other advantages. First, they improve upon the unmodified silicone cylinders. While the
neat-material cylinders have substantially higher deformations, they can exert almost no
force in confinement, which limits their end use applications. A direct comparison with
well-known McKibben actuators is challenging in terms of quantifying the contraction ratio to axial force, as previously mentioned. It is more reasonable to compare the internal
pressure to the exerted axial force. Such comparisons are essential, because these actuators
will perform best in the rotation dominant deformation regime of their structural materials,
and may under-perform in axial deformation when compared to other soft robotic actuators that are used in extension. Returning to the literature, McKibben actuators have been
found in a review paper on their modeling to produce 12 N of static axial force at 5 bar
(72.51 psi) for a common design [19]. The large pressures required for this example of
an existing actuator are reasonable as the fibers are significantly less compliant than the
rubber material, and it will take a lot of pressure to induce deformations. The actuators
proposed in this work vastly outperform this example from the literature, justifying their
design and continued explorations in soft robotics research. Other actuators do exist in
the literature; however, this example is meant to highlight the promising potentials of the
proposed actuator with a well-known example.

4.7

Modular Soft Robotic Arm Concept and Chapter 4 Summary
This chapter has presented the design, fabrication and characterization of novel

soft robotic actuators that are composed of a silicone rubber inner pressure vessel that are
wrapped in a flexible center-symmetric perforated structure. Results showed that the auxetic and graded actuators exhibit larger free displacements and tip forces. This compares to
the non-auxetic actuators which under perform in these regards. However, the non-auxetic
actuators show higher directional motion decoupling and have superior compression char102

acteristics. Therefore, they may be well suited to applications requiring very small radial
motions or as flexible and low density structural member in soft robotic systems.
The deformation behaviors of the auxetic and graded designs are dominated by their
mesoscale behaviors which were conceptualized in Chapter 2 and quantified in Chapter
3. While the auxetic design can achieve larger free displacements, the graded design can
achieve larger tip forces over a larger pressure range. Furthermore, both designs have near
equal radial displacements. In the case of the graded actuator, deformation is found to be
highly dependent on the auxetic middle layer which has the same geometric properties as
the unit cells used in the single density auxetic soft robotic actuator. Most importantly,
the results of the graded structure demonstrate how architected materials like these center
symmetric perforated structures can be used to compose high performance soft robotics
actuators.
Experimental results for the free displacement are in good agreement with the theory, which is presented to identify behaviors in the investigated actuators and provide insight into their fundamental mechanics and control. The analytical model shows the highly
coupled relationship between axial and radial stretching. The simplified model presented in
this chapter can be improved to accommodate the globally transversely isotropic behavior
of the flexible sheets, because the materials are all assumed to be incompressible hyperelastic materials. Continuum modeling of such materials is notably more complicated than
the approach used, which sheds light into the challenges associated with real world design and control of soft robotic systems. Small variations between the experiments and
analytical model are mostly attributed to this. To provide an improved model, the cell rotation dominate behavior must be accounted for. Considering various material symmetries
depending on the desired complexity, these behaviors will be captured in the additional
strain invariants of the deformation tensor. It remains a topic of future research to see if the
simplified model proposed in this chapter can reasonably be used with a feedback control
like Proportional-Integral-Derivative (PID) control or a machine-learning based approach
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like those elucidated in the introduction [53]. To realize such a controller, a second, and
significantly more complicated equation must be derived and simplified for resolution of
the axial forces and solved simultaneously with the pressure equation highlighted for predictive purposes in this chapter. A final note is that the proposed model can be modified
to allow for external loading and bending, again at the cost of significant mathematical and
computational complexity.
The next logical step is to design, build, and test a soft robotic arm composed of
these actuators. To this end, a simple unoptimized design is fabricated from previously
tested auxetic and graded actuators. The design is unoptimized in the sense that actuators are just placed as close together as possible, ignoring possible radial contact and its
effects on actuation, that may occur upon pressurization. Photographs showing the free
displacement of the auxetic and graded segments are presented in Figure 39.
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Figure 39
Bending of a Modular Soft Robotic Arm

Note. (a) Shows the unactuated soft robotic arm. (b) Shows the inflation of a single graded
actuator. (c) Shows the inflation of a single auxetic actuator.

The results shown inflate a single actuator to approximately 5 psi. An arm composed of these actuators should be able to extend and bend in each modular segment based
on congruent segment deformation or a variation of deformation between the three actuators. Optimization of fabrication, design, and control remains past the scope of this thesis.
However, the promising results of this preliminary design emphasize the importance and
practicality of developing enhanced soft robotic systems with flexible perforated structures
and other metamaterials.
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Chapter 5
Conclusion

The research presented in this thesis has broadly focused on the multiscale mechanics of flexible center-symmetric perforated structures and their potentials for use in
soft robotics. A detailed literature review was conducted covering the state-of-the-art in
both soft robotics and architected materials. A limiting factor in the advancement of soft
robotics is design and control. Currently, many experts believe that the next generation of
advancements in robotics will be driven by advancements in materials. This includes both
sensing and actuation. Focusing on actuation, flexible center-symmetric structures were
systematically investigated to understand their mechanical limitations and capabilities for
use in modular soft robotic systems.
Starting in Chapter 2, the notion of center-symmetric perforated structures was presented. An emphasis was afforded to possible auxetic responses, that can be tuned in
the design phase of engineering. Comprehensive mechanical characterizations were performed in quasi-static tension. In agreement with the literature review, local shear strain
was identified as a primary instigator for the saturation of cell rotation that leads to an
auxetic material response. In addition, it was shown that lateral confinements can lead to
significant in-plane strength improvements. Last, a novel heuristic design methodology
was proposed to achieve a net-zero Poisson’s ratio for a large strain range. Which was
experimentally validated with the construction and characterization of a novel cell-density
graded center-symmetric perforated structure.
Realizing cell rotation is the dominant factor of mechanical response in the flexible
structures, a detailed analysis was performed to develop a complete picture of the coupled
local and global strain interactions, prior to developing soft robotic actuators. It was directly shown that the physical limits posed by cell rotation saturate the Poisson’s ratio at
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large strains. In auxetic materials a comparison of local axial and transverse strains showed
a reversal in the direction of the local transverse strain at the auxetic-non-auxetic transition,
indicating a peak local transverse strain for auxetic response. Local axial strain was found
to be minimal in highly auxetic materials, indicating that the hinges are more strained until
the saturation of cell rotation. Comparing local strains to the global axial strain, an intersection between the magnitude of local transverse and shear strains was also found to mark
the critical point in Poisson’s ratio. It was determined that the Poisson’s ratio can only
maintain a highly negative response for a small window with a uniform repeating lattice
based on geometric parameters. Interpolated data showed that the Poisson’s ratio varies
less as the auxetic response diminishes. Finally, the out of plane motions were cited as an
adverse effect in highly auxetic flexible structures using 3D DIC.
With a detailed understanding of the in-plane mechanical response of the structures achieved, soft robotic actuators with cylindrical outer shells composed of the centersymmetric perforated structures were proposed. Actuators were conceptualized and designed with a non-auxetic, auxetic, and net-zero Poisson’s ratio material as a reinforcing
outer layer, in place of reinforcement fibers. Prior to fabrication an analytical model was
developed and used to predict the response of the actuators; both to design an experiment
and lay the foundation for future modeling. Results predicted that the actuator would work
in extension. As such, free displacement experiments were designed to allow free axial
and radial expansion. Results of these experiments validated the results of the analytical
modeling. In addition, confined expansion experiments were performed to compare the tip
force each actuator could exert.
The non-auxetic actuator under-performed in free displacement conditions. However, a comparison of its axial and radial expansion, showed it had the most decoupled
motions. In addition, it was found to be the best soft structural material when additional
compression tests were performed to the cylinders. Likewise, it greatly under-performed
the auxetic and graded soft robotic actuators in confined expansion testing. These results
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indicate the non-auxetic structure may be the best suited for applications where moderate
elongation, with low radial motions is required, or as soft structural elements if acting in
compression.
The auxetic actuator, had the largest axial and radial expansions, and good force
exertion. In addition, the auxetic actuator has an axial stretch comparable with existing
state-of-the-art soft robotic actuators at the tested pressures; while offering a higher degree
of customization. The graded design had comparable free displacement and force exertion
characteristics to the auxetic actuator. The similarities in performance were attributed to
the composition of the center-most layer, which had the same geometry as the repeating
unit cell used in the auxetic design. The graded design showed an axial to radial stretch
ratio of one for an extended strain range, which forms a good analogy to the zero Poisson’s
ratio it showed during the in-plane tension experiments. In addition, the graded design
showed the best force exertion for an extended strain range, which was attributed back
to its cell rotations from images of the deformation sequence. All actuators exert axial
forces that are superior to McKibben actuators at lower pressures. Most importantly, the
results and findings from the graded structure actuators spoke the high level of versatility
and performance that flexible rotating polygon structures have over existing reinforcement
materials. The results from the modeling and characterizations demonstrate the feasibility
of the flexible architected materials in soft robotics, and pave the way for the realization
modular soft robots using metamaterials to achieve superior mechanical performance.
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